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ABSTRACT 
 
 Most of the research in the field of molecular imprinting has been focused on the 
development of new functional monomers, in order to improve the molecular recognition 
properties afforded by these materials.  The role of the crosslinking monomer has often been 
overlooked, since it is considered an inert component that only provides a scaffold to support the 
binding sites. However, the crosslinking monomer represents a high percent (80-90%) of the 
composition of molecularly imprinted polymers (MIPs), which can have a large influence on the 
MIPs properties. 
This research addresses the design, synthesis, and applications of new crosslinking 
monomers for molecular imprinting.  Crosslinking monomers containing different polymerizable 
groups (methacrylate/methacrylamide, methacrylamide/vinylketone, and methacrylate/vinyl 
ketone) were synthesized and used to prepare MIPs.  Key steps in the synthesis of these 
monomers involved the use enzymatic methodologies to selectively deprotect methyl esters.  To 
avoid an undesirable intramolecular Michael addition, N-methyl-N-methoxy amides derivatives 
were used as electrophiles to introduce the vinylketone functionality via nucleophilic addition of 
a Grignard reagent.  
Enhancement in molecular recognition properties exhibited by MIPs prepared with 
crosslinking monomers incorporating the amide functionality was attributed to cooperative 
interactions within the crosslinking with the template molecule, as well as an improved 
morphology that arises from the reactivity differential of the polymerizable groups.  
Incorporation of the binding functionality in a crosslinking format allowed to maximize the 
degree of crosslinking without imposing restrictions on functional group concentrations.   
 xviii
 An important breakthrough for the simplification of the molecular imprinting process was 
achieved by the use of a one single monomer, which incorporates an amide functionality for 
binding the template molecule and the polymerizable groups to form the polymeric network.  
The advantage of using this single monomer is that there is not need to optimize the 
functional/crosslinking monomer ratio. 
 The strategy of using functionalized crosslinking monomers derived from natural amino 
acids, to provide the functional groups for catalytic activity was investigated using a 
combinatorial approach for fast screening.  Finally, modification of biological matrices using 
bioimprinting methodologies was explored by imprinting a Class I aldolase antibody with an 
aldol reaction product in order to improve its catalytic activity in organic solvents.  
 
 1
CHAPTER 1 
 
DESIGN, SYNTHESIS, AND CHARACTERIZATION OF NOVEL CROSSLINKING 
MONOMERS FOR MOLECULARLY IMPRINTED POLYMERS1 
 
1.1 Introduction 
In nature, molecular recognition plays a decisive role in biological activity; for example 
in receptors, enzymes, and antibodies.  Using a conceptually simple process, molecular 
recognition has been created in synthetic polymers using a technique analogous to what was 
formerly thought to be the mechanism of formation of antibodies.1.1 This process is called 
molecular imprinting and its origin can be traced to early theories on enzyme function and 
antibody formation. Basically, this process resembles Emil Fisher’s idea of a "lock and key" fit 
to describe the specificity of enzymes.1.2  
In general, molecular imprinting is a methodology used for the creation of selective 
recognition sites in synthetic polymers.  In this process, functional and crosslinking monomers 
are co-polymerized in the presence of the target analyte.  This target analyte corresponds to the 
imprint molecule, which acts as a molecular template.  Two different approaches using covalent 
and non-covalent interactions for molecular imprinting have been developed.1.3  Of these two 
approaches, the non-covalent imprinting seems to be a more efficient system for mimicking the 
interactions present in nature (hydrogen bonding, electrostatic interactions, etc.).1.4  As shown in 
Scheme 1, this approach starts with a pre-polymerization complex (PPC) between the imprint 
molecule and functional monomers formed via non-covalent interactions (hydrogen bonding, 
 
 
1 From Martha Sibrian-Vazquez & David A. Spivak “Enhanced enantioselectivity of    
molecularly imprinted polymers formulated with novel cross-linking monomers” 
Macromolecules, 2003, 36, 5105-5113. Reprinted by permission.  Copyright 2003 American 
Chemical Society. 
 2
electrostatic, hydrophobic, etc.).  The PPC is then copolymerized under with crosslinker 
monomer(s) leading to the formation of highly crosslinked polymers.  Subsequent removal of the 
imprint molecule by solvent extraction reveals binding sites that are complementary in size and 
shape to the analyte. In this way, a molecular memory is introduced into the polymer, which is 
now capable of rebinding the analyte with high selectivity.  Advantages of molecularly imprinted 
polymers lie in the durability, relative inexpensive cost, and ease of formation of network 
polymers.  In addition, imprinted polymers are formed as network polymer solids that are 
predisposed for applications as solid supports for HPLC, GC, sensors, and membranes. 
Scheme 1. Non-Covalent Imprinting 
 
 
 
 
 The field of molecular imprinting has been dominated by the use of methacrylic acid 
(MAA, 1.1) as the functional monomer.1.5  This monomer binds the template utilizing non-
covalent interactions to form the pre-polymer complex and its use is limited by the choice of 
those templates that bind to the carboxylate functionality.  Other monomers (figure 1.1) that have 
shown a slight improvement over MAA are trifluoromethacrylic acid (TFMAA, 1.2),1.6 and some 
basic monomers such as N-vinylimidazole (1.3),1.7 4-vinylpyridine (1.4),1.8 and 2-vinylpyridine 
(1.5).1.9  More strongly basic monomers1.10 derived from amines have also been successfully 
used.  Another class of functional monomers makes use of a neutral functionality such as 
hydroxyethylmethacrylate (1.6)1.11 and methacrylamide (1.7)1.12 to provide binding sites via 
hydrophobic and hydrogen bonding interactions. 
Self-assembly Polimerization
Solvent
extraction
Analyte
binding
 3
O
OH F3C
O
OH
N
N
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O
O
OH
O
NH2
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Figure 1.1  Functional monomers used in molecular imprinting. 
 One of the main roles of the crosslinking monomer is to form a three-dimensional 
structure that remains unchanged after removal of the template.  Therefore, the type and amount 
of crosslinker in the polymeric matrix are very important in order to have high selectivity.  Until 
now, it has been traditionally thought that the primary use of the crosslinking monomer has been 
as an inert component in the polymeric matrix that does not interact with the functional groups 
that bind the template.  Non-selective interactions are expected to be minimized in this manner, 
increasing the specificity of the imprinted polymer.  For most applications ethyleneglycol 
dimethylacrylate (EGDMA, 1.8) has proven to be the most efficient crosslinking monomer in the 
molecular recognition process.  Similar acrylates derivatives (1.10, 1.11) have been used, but 
essentially no improvement over EGDMA has been observed.1.13  The first crosslinking 
monomer used in molecular imprinting that incorporates different polymerizable functionalities 
was derived from an amino acid (N,O-bisacryloyl-L-phenylalaninol, 1.14).1.14  This monomer 
was used to evaluate the influence of an amino acid in the polymeric matrix.  However, when it 
was co-polymerized with acrylic acid as the functional monomer, it showed an almost 
imperceptible difference in binding of the targeted template.  Wulff and co-workers have also 
made use of crosslinking amino acid based monomers that provided reversible covalent bonding 
to the templates via a Schiff's base.1.15 
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Figure 1.2  Crosslinking monomers used for molecular imprinting. 
 
1.2 Specific Goals 
The specific goals of this research project were: 
• To provide a better scaffold for molecularly imprinted materials; thus new crosslinking 
monomers incorporating different functionalities were designed.  
• Design of a general synthetic route for the synthesis of difunctional crosslinking monomers. 
• Synthesize molecularly imprinted polymers using the new crosslinking monomers and 
compare binding results to determine which one is best for molecular imprinting. 
• Characterization of the new materials, e.g. pore size, pore distribution, reactivity ratios, 
number of unreacted double bonds, etc.   
 
1.3 Monomer Design 
Improving the binding site behavior in MIPs by modifying the scaffold materials finds 
analogy with enzymatic systems, where active-site interactions are influenced by the rest of the 
protein structure.1.16  The design of novel crosslinking monomers for improving molecularly 
imprinted materials was based in two criteria: 
1. Compatibility with previously developed functional monomers. 
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2. Influence of shape selectivity by the ability of the spacer between the polymerizable 
groups to wrap around a template during polymerization. 
 
1. Compatibility with previously developed functional monomers.  Since imprinted 
polymer formulations have predominantly used EGDMA (1.8) as the crosslinker, the majority of 
functional monomers have been developed with polymerizable groups compatible with the 
reactivity of the methacrylate moiety of EGDMA.  Various compatible dimethacrylamide 
compounds have also been used successfully as crosslinkers in molecularly imprinted materials.    
However, the new dimethacrylamides reported were found to be primarily soluble in polar 
organic solvents such as DMF and methanol; including the EGDMA analog ethylenediamine 
dimethacrylamide (1.9) shown in figure 1.3.  This is problematical because the use of polar 
solvents interferes with the formation of non-covalent pre-polymer complexes prior to 
polymerization.1.17  Thus, the poor solubility of these amide based crosslinkers in non-polar 
solvents limits their use in molecular imprinting.  The initial strategy of this project generated 
new crosslinker designs by taking EGDMA 1.8 and EDMA 1.9 as lead compounds. 
The first design involves a combination of the polymerizable groups present in these 
crosslinkers to give compound 1.14 (NOBE) shown in figure 1.3.  The incorporation of the 
amide group into the backbone of the crosslinker, contributes changes in interactive functionality 
as well as conformational rotor flexibility, which may influence the binding of the template.  It is 
expected that the combination of the ester and amide moieties in the proposed monomer will 
provide a better scaffold by maintaining the features of both lead compounds.  In order to 
evaluate the contribution to molecular recognition of the amide functionality in NOBE, a non-
crosslinking analog 1.15 of NOBE was also included in this study.  
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Figure 1.3  Crosslinking monomer design based on the incorporation of different polymerizable 
groups. 
 
2.  The spacer between the polymerizable groups influences the ability of the matrix to 
wrap around a template during polymerization.  This principle was initially investigated by 
Wulff and coworkers, who noticed that the smaller EGDMA gave MIPs with better 
enantioselectivity than MIPs made with the larger BDMA (1.10, figure 1.2).1.18  Also, it has been 
often overlooked that the templates and the monomers imprinting these templates are roughly on 
the same order of magnitude in size.  Thus, spatial resolution of template by the cavities formed 
in the matrix is limited to the crosslinker dimensions.  Therefore, it was expected that smaller 
crosslinking monomers would improve the ability of the matrix to more snugly wrap around a 
template during polymerization.  Taking EGDMA as the lead compound (figure 1.4), the 
distance between the two polymerizable methacrylate groups was shortened by eliminating one 
oxygen and one carbon atom of the glycol backbone of the monomer to give compound 1.16, 
(MVK).  Compound 1.17 (NAG) was generated by replacement of the methacrylate moiety in 
1.16 for a methacrylamide group.  The contribution of the vinylketone polymerizable moiety in 
compounds 1.16 and 1.17 was investigated using crosslinker 1.18 (EDVK), which maintains the 
same distance parameters.  A smaller crosslinker where the spacer between the polymerizable 
groups in EGDMA was eliminated corresponds to the symmetric ketone (DVK, 1.19). 
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Figure 1.4  Crosslinker monomer design based in reduction of the spacer between the 
polymerizable groups in the lead EGDMA. 
 
1.4 Syntheses of Crosslinkers 
1.4.1 Synthesis of 2-(Methacryloylamino)ethyl 2-Methylacrylate, (NOBE, 1.14).  
Synthesis of 2-(methacryloylamino)ethyl 2-methylacrylate (1.14) has been reported by Chan1.19 
who prepared this monomer by acylation of ethanolamine in a two steps route with an overall 
yield of 46%.  Our approach for the synthesis of 1.14 took as reference the one pot procedure 
reported by Anderson and Mosbach for the synthesis of N,O-bisacryloyl-L-phenyl-alaninol,1.14 
using equimolar amounts of ethanolamine to methacryloyl chloride and triethylamine (scheme 
1.2).  The yield for this reaction was 20% after 40 h at rt; optimization of this procedure gave a 
59% yield by using 2.5 equivalents of methacryloyl chloride and triethylamine to ethanolamine 
at 40ºC/23 h.  
Scheme 1.2.  Synthesis of 2-(methacryloylamino)ethyl 2-methylacrylatea 
H2N OH N
H
O
1.20 1.14
O
O
a
59%
 
aReaction conditions: (a) H2C=C(CH3)COCl/Et3N/CH2Cl2, 40ºC/23h. 
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1.4.2 Synthesis of 2-Methyl-N-(3-methyl-2-oxobut-3-enyl)acrylamide, (NAG, 1.17).  
Several attempts for the synthesis of 2-methyl-N-(3-methyl-2-oxobut-3-enyl)acrylamide (1.17) 
were made using the acyl chloride derived from N-Boc-glycine.  The nucleophilic addition of 
isopropenyl magnesium bromide and isopropenyl manganese iodide to the acyl chloride derived 
from N-Boc-glycine was unsuccessful.  An alternative approach for the synthesis of the 
monomer 1.17 entailed the nucleophilic addition of isopropenyl magnesium bromide to N-Boc-
glycine N-methoxy-N-methyl amide.  The reaction between N-methoxy-N-methyl amides and 
nucleophiles such as Grignard reagents or alkyllithiums followed by acidic hydrolysis has been 
used successfully in the synthesis of ketones.  In his studies, Weinreb1.20 showed that a variety of 
N-methoxy-N-methyl amides undergo nucleophilic addition to provide a variety of ketones in 
good yields.  These reactions are highly selective and the formation of alcohols by over addition 
of the nucleophile is rarely observed, which is one of the main drawbacks in the reaction of acyl 
halides and esters with Grignard reagents.  Another advantage of this reaction is that no 
racemization products have been found in the synthesis of ketones derived from N-protected 
aminoacids.1.21 
Reaction of the N-Boc-glycine N-methoxy-N-methyl amide (1.21) with 
isopropenylmagnesium bromide to produce tert-butyl 3-methyl-2-oxobut-3-enylcarbamate (1.22) 
initially gave a low yield, (32%), accompanied by a large number of side products.  The 
procedure was modified, lowering the reaction temperature from 0 ºC to –15 ºC, adding the 
nucleophile quickly, and reducing the reaction time to avoid isomerization of the isopropenyl 
magnesium bromide and other side reactions which culminated in an 83% yield. 
It was anticipated that deprotection of the amino group of 1.22 by acid hydrolysis using 
HCl/Et2O1.22 would give the corresponding hydrochloride 1.23, which would be easily isolated 
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from the reaction mixture; however, the analysis by 1H NMR and IR showed that the compound 
obtained from the hydrolysis of N-Boc-methacryloyl glycine did not correspond to the 3-methyl-
2-oxobut-3-en-1-aminium chloride, 1.23. 
Scheme 1.3.  Deprotection of Boc- Protected Amino Groupa 
NHO
O
O
N
OCH3
H3N
O
N
OCH3
Me
a
83%
NHO
O
O
b
65% H2N
O
b
0 %
1.21 1.22
1.23
1.24
Cl
Cl
 
a Reaction conditions: (a) C3H5MgBr, THF/N2, -15 ºC/10 min, rt/25 min.  (b) HCl/Et2O, N2, 
0ºC/6h; rt/18h. 
 
Instead, the product of an intramolecular Michael addition, 1.24 was obtained via the 
protonated enone after loss of the tert-butoxycarbonyl unit.1.23  Considering these results, a new 
strategy using for the first time N-methoxy-N-methyl amides as a protecting group for the 
carboxylic acid was used in the synthesis of this monomer. 
N-Boc-glycine N-methoxy-N-methyl amide, 1.21 was prepared via initial formation of a 
mixed anhydride1.24 of N-Boc-glycine, 1.25 followed by nucleophilic attack of the amine to 
produce the amide in 69% yield.  Deprotection of the amine group to give N-methoxy-N-
methylglycinamide chloride (1.23) was performed by acidic hydrolysis of 1.22 using HCl/Et2O 
in 94% yield.  2-methyl-N-(3-methyl-2-oxobut-3-enyl)acrylamide (1.26) was synthesized 
employing the methodology used in the synthesis of 1.14.  Since the starting material in this case 
corresponds to a hydrochloride, a preliminary neutralization of the HCl with Et3N was necessary.  
The best reaction conditions were those in which the Et3N was in high excess; however, the yield 
was relatively low (44%).  Under the same conditions, adding a 10% mol of DMAP as catalyst, 
the yield for this reaction was improved from 44 to 66%.  2-methyl-N-(3-methyl-2-oxobut-3-
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enyl)acrylamide (1.17) was synthesized by nucleophilic addition of isopropenyl magnesium 
bromide to 1.26 to give a 54% yield.  The low yield was attributed to the formation of side 
products due to polymerization and isomerization of the isopropenyl magnesium bromide.  
Scheme 1.4 shows the overall synthesis for monomer 1.17. 
Scheme 1.4.  Synthesis of 2-Methyl-N-(3-methyl-2-oxobut-3-enyl)acrylamidea 
NHO
O
O
N
OCH3
H3N
O
N
OCH3
H
N
O
N
OCH3
Me
O
N
O
O
H
Me
1.25 1.21
1.261.17
a b
NHO
O
O
OH
1.23
c
d
94%69%
66%
54%
Cl
 
aReaction conditions: (a) NMM/i-BuCO2Cl/HCl.HN(CH3)(OCH3)/THF, -15ºC/1h, rt/24h (b) 
HCl/Et2O, N2, 0ºC/6h; rt/18h; (c) H2C=C(CH3)COCl/DMAP/Et3N/CH2Cl2, rt/48h; (d) 
C3H5MgBr, THF/N2, -15 ºC/10 min, rt/25 min. 
 
1.4.3 Synthesis of 2-Methyl-acrylic Acid 3-methyl-2-oxo-but-3-enyl Ester, (MVK, 1.16). 
Synthesis of the title compound was attempted using different synthetic routes as shown 
in schemes 1.5, 1.6, and 1.7.  Because of the relative reactivity of the functionalities in the target 
compound, it was difficult to isolate the different intermediates in good yield for each synthetic 
route.  The first approach involved the use of 2-hydroxyethyl methacrylate as the starting 
material.   
Scheme 1.5.  Synthesis of Compound 1.16 Using 2-Hydroxyethyl Methacrylate as Starting 
Materiala 
O
O
OH O
O
H
O
O
O
OH
O
O
O
ox
9%
1.27 1.28 1.29 1.16  
a Reaction conditions: (a) PDC/CH2Cl2, reflux 24 h. 
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However, the initial step, which involved the oxidation of the primary alcohol to the 
corresponding aldehyde was difficult to achieve in good yield.  Although mild oxidants such as 
(CO)2Cl2/DMSO1.25 and PDC1.26 were tested, poor yields in the range of 4-9% were obtained.  
The second approach involved the use of glycolaldehyde diethylacetal 1.30 as the starting 
material.Initial esterification of the hydroxyl group in 1.30 to give compound 1.31 by using 
known procedures with methacrylic acid/DCC/DMAP or methacryloyl chloride/Et3N gave yields 
in the range of 62-75%.  Subsequent hydrolysis with H3PO4 to deprotect the aldehyde group1.27 
gave variable yields of 1.28 ranking from 35 to 53%.  Nucleophilic addition of isopropenyl 
magnesium bromide to the aldehyde to give the allyl alcohol 1.29 gave low yields (20 - 30%).  
Oxidation of the secondary alcohol in 1.29 with PDC did not give the corresponding ketone, 
instead a complex mixture of side products and starting material was obtained.   
 
Scheme 1.6.  Synthesis of Compound 1.16 Using Glycolaldehyde Diethylacetal as Starting 
Materiala 
 
HO
O
O
O
O
O
O
O
O
O
H
O
O
OH
O
O
O
a b
75% 53%
c 20%
1.30 1.31
1.28
1.291.16  
 a Reaction conditions: (a) H2C=C(CH3)CO2H/DCC/DMAP/CH2Cl2, rt/5d.  (b) H3PO4, 70 °C/ 
3h.  (c) C3H5MgBr, THF/N2, -78ºC/30 min, 0ºC/30 min. 
 
In the end, the best approach for the synthesis of the compound 1.7 involved the use of 
acetoxyacetic acid, 1.32 as the starting material.  As shown in scheme 1.7, the first intermediate 
1.33 was synthesized from (acetyloxy)acetic acid, 1.32 using a protocol involving the initial 
formation of a mixed anhydride with i-butyl chloroformate followed by nucleophilic attack of 
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the amine to produce the amide.1.24 Basic hydrolysis of the ester group using an equimolar 
amount of LiOH produced the 2-hydroxy-N-methoxy-N-methyl-acetamide (1.34).1.28  Better 
yields (63-65%) were obtained when LiOH solid was added directly to a solution of the amide in 
THF/MeOH, rather than adding 1N LiOH/MeOH to a solution of the amide in THF; (yields 30-
40%).  Esterification of the hydroxyl group to give compound 1.35 can be done using either 
protocols involving the use of DCC/DMAP1.29 or the acyl chloride/Et3N,1.30 with comparative 
yields in the range of 67-89%.  Nucleophilic addition of isopropenyl magnesium bromide to the 
Weinreb amide 1.35 in order to produce the vinyl ketone 1.16 gave a low yield (18%), under the 
best conditions.  
 
Scheme 1.7.  Synthesis of Compound 1.16 Using (Acetyloxy)acetic Acid as Starting 
Materiala 
O
O
O
OH
O
O
O
N
O HO
O
N
O O
O
N
O
O
O
O
O
1.32 1.33 1.34 1.35 1.16
a b c d
94% 65% 89% 18%
 
aReaction conditions: (a) NMM/i-BuCO2Cl/HCl.HN(OCH3)(CH3)/CH2Cl2/N2, -15ºC/1h, rt/12h; 
(b) LiOH/THF/MeOH, 0ºC/20 min; (c) H2C=C(CH3)CO2H/DCC/DMAP/CH2Cl2, rt/7d; (d) 
C3H5MgBr, THF/N2, -78ºC/30 min, 0ºC/30 min. 
 
1.4.4 Synthesis of 2,7-Dimethyl-octa-1,7-diene-3,6-dione, (EDVK, 1.18).  Synthesis of 2,7-
dimethyl-octa-1,7-diene-3,6-dione (1.18) was based in the work published by Sibi1.31 and 
coworkers, who successfully prepared asymmetric 1,2-diketones using N-methoxy,N-methyl 
diamides derived from oxalyl chloride.  As shown in scheme 1.8, the N,N-dimethoxy-N,N-
dimethyl-succinamide (1.37) derived from succinoyl dichloride (1.36) was prepared according to 
the procedure reported by Uchiyama.1.32  Nucleophilic addition of two equivalents of 
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isopropenylmagnesium bromide to 1.37 gave the 1,4-diketone (1.18) with yields in the range of 
23-27%. 
Scheme 1.8. Synthesis of 2,7-Dimethyl-octa-1,7-diene-3,6-dionea 
Cl
O
Cl
O
N
O
N
O
O
O
O
O
1.36 1.37 1.18
a b
62% 27%
 
aReaction conditions: (a) HCl.HN(OCH3)(CH3)/Et3N/CH2Cl2/N2, rt/16h; (b) C3H5MgBr, 
THF/N2, -78ºC/30 min, 0ºC/30 min. 
 
1.4.5 Synthesis of 2,5-Dimethyl-hexa-1,5-diene-3,4-dione, (DVK, 1.19).  Using the same 
approach as in 1.3.4, the N-methoxy, N-methyl diamide derived from oxalyl chloride was 
synthesized in 60% yield following the protocol reported by Weinreb.1.20a   Nucleophilic addition 
of two equivalents of isopropenylmagnesium bromide to the diamide did not give the expected 
symmetric diketone. No signals due to olefinic protons in the 1H NMR spectra were present. 
 
Scheme 1.9.  Synthesis of 2,5-Dimethyl-hexa-1,5-diene-3,4-dionea 
Cl
O
Cl
O
N
O
NO
O
O
O
O
a b
60% 0%
1.38 1.39 1.19  
aReaction conditions:  (a) HCl.HN(OCH3)(CH3)/Et3N/CH2Cl2/N2, rt/16h. (b) C3H5MgBr, 
THF/N2, -78ºC/30 min, 0ºC/30 min. 
 
1.4.6 Synthesis of 2-(Acetylamino)ethyl 2-Methacrylate (1.15).  As shown in Scheme 1.10, 
compound 1.15 was synthesized by acylation of 1.40 with MAA using DCC as the coupling 
reagent in a 35% yield. 
 
Scheme 1.10.  Synthesis of 2-(Acetylamino)ethyl 2-Methacrylatea 
O
N
H
O
O
O
N
H
OH a
1.40 1.15
35%
 
aReaction conditions: (a) H2C=C(CH3)CO2H/DCC/DMAP/CH2Cl2, rt/4d. 
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1.5 Synthesis of Molecularly Imprinted Polymers 
To evaluate the performance of the new crosslinking monomers, molecularly imprinted 
polymers were prepared using the non-covalent approach.  Enantioselectivity was chosen as the 
property to be evaluated as a measure of polymer performance, since physical properties of 
enantiomers are similar except for the spatial distribution of the atoms.  It has been established 
that in order for a receptor to exhibit enantioslectivity, it must have at least three points of 
interaction with one of the guest enantiomers, and at least one of these must be stereochemically 
dependent.1.33   For this purpose dansyl-L-phenylalanine (1.41), Boc-L-tyrosine (1.42), and Cbz-
L-tryptophan (1.43) shown in figure 1.5 were used as the templates. These templates were 
chosen because they have a single chiral center allowing for evaluation of chiral recognition as a 
diagnostic of polymer performance. The functional groups present in these templates, provide 
points for electrostatic and hydrogen-bonding interactions for the complex formation prior to 
polymerization.   
N
H
C
OHO
HN
O
ON
H
C
OHO
O
O
OH
NH
OH
O
S
O
ON
1.41 1.42 1.43  
Figure 1.5.  Templates used for molecular imprinting using the new crosslinking 
monomers. 
 
The templates were complexed with the functional monomer methacrylic acid (MAA) in 
acetonitrile and then copolymerized with the new crosslinking monomers using AIBN as the 
initiator.  Photopolymerization at rt/10 h gave monoliths that were ground and sieved.  For MIPs 
prepared with dansyl-L-phenylalanine, the recovery of the template after Soxhlet extraction with 
 15
methanol was determined spectrophotometrically at 330 nm using a calibration curve for 
quantification.  Recovery of dansyl-L-phenylalanine was in the range of 56-98%, depending on 
the crosslinker used (table 1).  
 
1.6 Binding Studies 
The selectivity of the polymers was determined by HPLC under isocratic conditions at 
room temperature.  Capacity factors (k') were obtained in order to determine separation factors  
(α) of the L- and D-enantiomers of dansyl phenylalanine (α = k'L/ k'D).  Several mobile phases 
were used to evaluate the performance of the MIPs.  From the mobile phases tested it was found 
that acetonitrile/acetic acid 99/1 and acetonitrile gave the best results in terms of binding and 
selectivity.  Tables 1.1 and 1.2 show the capacity and separation factors for the imprinted 
polymers using the new cross-linking monomers (entries 2-5) versus an imprinted polymer using 
the traditional polymer formulation with EGDMA as the crosslinking monomer (entry 1).   
Tables 1.1 and 1.2 show that imprinted polymers formulated with crosslinking monomers in 
entries 1-3 have a high selectivity for the original template.  Improvement in binding affinity for 
all imprinted polymers was observed when acetonitrile was used as the mobile phase; however, 
long retention times and broad peaks were obtained under these conditions. The imprinted 
polymer using NAG as the crosslinking monomer (entry 3) gave the highest separation factor, 
exhibiting a 2-fold improvement versus the traditional formulation with EGDMA (entry 1).   
This improvement in molecular recognition of the template is emphasized by figure 1.6, 
demonstrating the ability of the imprinted polymer in entry 3 to resolve a mixture of the two 
enantiomers of dansyl phenylalanine.  Complete base line resolution as shown in figure 3 was 
obtained from the D- enantiomer in the first peak, and the L- enantiomer in the second, broader 
peak; a behavior often seen for MIPs. In comparison, the imprinted polymer using EGDMA  
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Table 1.1.  Chromatographic results for dansyl-L-phenylalanine and dansyl-D-phenylalanine on 
imprinted polymers using the new cross-linking monomers and MeCN/HOAc as the mobile 
phase.a 
Entry Crosslinking 
Monomer 
Template 
extracted
% 
tRL(avg) 
min 
tRD(avg) 
min 
k'L k'D α 
1 EGDMA, 1.1  90 3.87 3.58 0.24 0.14 1.7 
2 NOBE, 1.14  98 9.20 5.66 2.09 0.90 2.3 
3 NAG, 1.17  80 15.6 6.95 4.2 1.32 3.2 
4 MVK, 1.16 56 4.10 4.01 0.29 0.26 1.1 
5 EDVK, 1.18 85 4.18 4.08 0.29 0.27 1.1 
6 EGDMA + 1.15a 77 9.17 8.58 1.22 1.08 1.1 
7 EGDMA + 1.15b 79 7.65 6.51 0.88 0.60 1.5 
aHPLC conditions: particle size: 20-25 µm; column size: 75 x 2.1 mm; mobile phase: 
acetonitrile/acetic acid 99/1; analytes: 0.1 mM dansyl-L-phenylalanine, 0.1 mM dansyl-D-
phenylalanine, and Acetone (used to determine void volume); flow rate: 0.1 mL/min; wavelength 
detection: 330 nm; injected volume: 5 µL.  a MIP formulated with 50% of 1.15.  b MIP 
formulated with 25% of 1.15. 
 
(entry1) as the cross-linking monomer did not give any chromatographic resolution of the 
dansyl-phenylalanine enantiomers and resulted in complete overlapping of the two peaks. 
  Although there was some improvement in the binding affinity and specificity, as 
reflected in the capacity factors k' for imprinted polymers in entries 4 and 5 with respect to the 
traditional EGDMA (entry 1), these polymers did not show chromatographic resolution of the 
enantiomers. The generality of improved binding properties by NOBE and NAG for various 
types of templates was verified in Table 1.3, which follows the same trends as seen in Table 1 
and 2.  Specifically, polymers made with NAG show the best selectivity, the highest binding 
affinity, and the only imprinted polymers to give baseline separation in chromatography.  One  
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Table 1.2.  Chromatographic results for dansyl-L-phenylalanine and dansyl-D-phenylalanine on 
imprinted polymers using the new cross-linking monomers and MeCN as the mobile phase.a 
Entry Crosslinking 
Monomer 
tRL(avg) 
min 
tRD(avg) 
min 
k'L k'D α 
1 EGDMA, 1.1  4.90 4.23 0.55 0.34 1.62 
2 NOBE, 1.14  26.00 12.44 7.58 3.11 2.5 
3 NAG, 1.17  59.6 20.95 18.87 5.98 3.16 
4 MVK, 1.16 8.0 7.63 1.48 1.36 1.08 
5 EDVK, 1.18 5.95 5.66 0.89 0.79 1.11 
aHPLC conditions: particle size: 20-25 µm; column size: 75 x 2.1 mm; mobile phase: 
acetonitrile; analytes: 0.1 mM dansyl-L-phenylalanine, 0.1 mM dansyl-D-phenylalanine, and 
Acetone (used to determine void volume); flow rate: 0.1 mL/min; wavelength detection: 330 nm; 
injected volume: 5 µL.   
 
possible reason for the improvement in enantioselectivity is the participation of the amide group 
of NOBE and NAG in hydrogen-bonding interactions with the template. 
Although amides generally form weak interactions with other functional groups, the 
capacity factors for NOBE show that considerable binding does in fact take place.  This binding 
is due to the amide group, and is not seen for the isosteric EGDMA.  Another possible reason for 
the improvement in enantioselectivity by NOBE may be due to increased rigidity of the entire 
matrix, imparted by the amide bond in the crosslinker. Since amide bonds are more 
conformationally rigid than ester bonds, the introduction of the amide bond into the backbone of 
the cross-linking monomer may maintain binding site fidelity, in addition to possible 
conformational control within the matrix unavailable using the traditional EGDMA. The NAG 
further shows improvement in selectivity over NOBE.  Comparing these crosslinkers, both have 
a single amide bond capable of hydrogen-bonding interactions with the template that can provide 
greater rigidity to the backbone of the polymer.   
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Figure 1.6.  Elution profile of a racemic mixture of dansyl-phenylalanine [(1) D-enantiomer, (2) 
L-enantiomer] injected on columns (75 x 2.1 mm) packed with (a) MIP-EGDMA, (b) MIP-
NOBE, (c) MIP-NAG; particle size 20–25 µm; mobile phase acetonitrile/acetic acid 99/1; flow 
rate 0.1 mL/min.; injected volume 5 µL; wavelength detection 330 nm. 
 
Table 1.3.  Chromatographic results for MIPs imprinted with Boc-L-tyrosine and Cbz-L-
tryptophan using the hybrid cross-linking monomers NOBE and NAG.a 
Boc-L-Tyrosine Cbz-L-Tryptophan Entry Crosslinking 
Monomer k'L k'D α k'L k'D α 
1 EGDMA, 1.1 0.41 0.23 1.78 0.78 0.33 2.36 
2 NOBE, 1.14 2.24 1.22 1.84 3.72 1.39 2.68 
3 NAG, 1.17 8.03 2.56 3.14 18.08 3.54 5.11 
aHPLC conditions: particle size: 20-25 µm; column size: 100 x 2.1 mm; mobile phase: 
acetonitrile/acetic acid 99/1; analytes: 1 mM Boc-L-tyrosine, 1 mM Boc-D-tyrosine, 0.2 mM 
Cbz-L-tryptophan,  0.2 mM Cbz-D-tryptophan, and Acetone (used to determine void volume); 
flow rate: 0.1 mL/min; wavelength detection: 270 nm for Boc-tyrosine and 260 nm for Cbz-
tryptophan; injected volume: 5 µL. 
 
Tables 1.1 and 1.2 show that the amide bond was responsible for the similar increase in 
binding affinities of NAG and NOBE versus EGDMA.  Since this increase was in the same order 
of magnitude for NAG and NOBE, the increased selectivity of NAG was not due merely to the 
presence of the amide bond.  There are two differences between these crosslinkers:  (1) the 
spacer between the crosslinking points is reduced from six atoms to four, and (2) the 
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methacrylate group of NOBE is substituted by a methacrolein group in NAG.  Comparing the 
performance of the monomer NAG to NOBE it is not possible to distinguish whether the size or 
change in polymerizable group is responsible for the enhancement in selectivity.  Thus, in order 
to evaluate the contribution of the polymerizable methacrolein, two new crosslinking monomers, 
MVK and EDVK, were investigated.  Both MVK and EDVK monomers have the same length 
dimensions as NAG; however, the amide nitrogen in NAG is replaced with an oxygen for MVK 
and a carbon for EDVK.  If size of the crosslinker or the incorporation of the methacrolein 
polymerizable group were the key to enhanced selectivity, then polymers imprinted using these 
monomers should also exhibit improved separation factor values.  Table 1.1 shows this is not the 
case, instead these monomers gave MIPs that were less selective than polymers imprinted using 
the crosslinkers NAG, NOBE, or EGDMA.   
Based on this data, enhancement in selectivity for the imprinted polymer using NAG may 
be the result of cooperative interactions between functional groups in the monomer. This may 
result in a polymer with greater stability, capable of maintaining the fidelity of the original 
imprinted binding site.  Another possibility is the close proximity of donor and acceptor 
functionality that can provide cooperative hydrogen-bonding interactions.  NAG has a shorter 
distance between the nitrogen of the amide group and the carbonyl group of the methacrolein 
group, providing donor-acceptor interactions in a favorable 1,3 disposition that would promote 
chelating interactions.  On the other hand, NOBE provides donor-acceptor in a less favorable 1,5 
disposition, forcing the amide and carbonyl groups to act independently.  It is suggested that the 
smaller spacer group between the donor and acceptor functionalities on NAG may provide more 
positive interactions in the vicinity of the template versus NOBE.  The higher density of polymer 
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functionality in the vicinity of the template may provide a general basis for improved molecular 
recognition for the new MIPs. 
 
1.7 Characterization of Molecularly Imprinted Polymers 
In order to understand the properties of molecularly imprinted polymers it was necessary 
to characterize the structure and morphology of these materials.  Knowledge about dynamic 
processes such as polymer chain mobility or side chain mobility and rates of transport of small 
molecules within the pores, is important to understand the behavior of these materials.  
Porosimetry (N2 sorption, Hg penetration), microscopy (SEM), and swelling and solvent uptake 
are techniques currently used to analyze pore system, surface areas, and texture.  Chemical and 
structural information of molecularly imprinted polymers can be obtained by the use of 
techniques like FT-IR and 13C NMR spectroscopy.   
 
1.7.1 Analysis of Porosity and Surface Area 
 MIPs are part of a class of polymers known as macroporous polymers.  The morphology 
of these materials is known, consisting of aggregates of material with macro-, meso-, and micro-
pores formed between aggregates.1.34  Porosity is controlled by the interaction of the forming 
polymer matrix and the solvent (referred to as "porogen") as phase separation occurs.  Data from 
BET analysis of the new materials by nitrogen adsorption-desorption porosimetry is shown in 
table 1.4.  The nitrogen adsorption-desorption isotherms indicate that all polymers have average 
pore diameters in the macroporous range, essentially in the same order of magnitude as the 
polymer made using the traditional MIP formulation with EGDMA.  With the exception of 
MVK, the polymers also exhibited pore volumes essentially of the same order of magnitude.  
The polymer made with MVK had a low pore volume which is responsible also for low surface 
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area.  Surface areas for the all polymers were within the same order of magnitude.  While low 
porosity is the origin of low surface area for the MVK polymer, the low surface area for the 
NOBE polymer is due to the larger pore size.  However, it should be noted that according with 
earlier porosity studies on MIPs,1.35 there is no direct correlation of surface area or porosity with 
MIP performance.  The data presented here show that macroporous polymers made with the new 
crosslinkers have similar macroscopic properties to the well-characterized EGDMA polymers. 
Table 1.4. Surface area and pore analysis on the imprinted polymers.a 
Entry Polymer Surface area, (BET)a 
(m2/g) 
Pore vol.b 
(mL/g) 
Pore diam.c 
(Å) 
1 EGDMA, 1.1 165 0.486 118 
2 NOBE, 1.14 51 0.510 402 
3 NAG, 1.17 154 0.488 127 
4 MVK, 1.16 92 0.191 83 
5 EDVK, 1.18 136 0.480 141 
6 EGDMA + 1.15d 91 0.728 319 
7 EGDMA + 1.15e 106 0.416 156 
a Determined using the BET model on a seven-point linear plot.  b BJH cumulative adsorption 
pore volume.  c BJH adsorption average pore diameter.  d MIP formulated with 50% of 1.15.  e 
MIP formulated with 25% of 1.15. 
 
1.7.2 FT-IR Analysis 
 FT-IR spectroscopy provides information about the structure and local environment of 
the polymer chains as well as the extent of incorporation of the monomers into the polymeric 
network.  By using this technique, some aspects of the macromolecular contributions by the 
polymeric network to the molecular recognition process can be evaluated.  The FT-IR spectra of 
the imprinted polymers are shown in Fig. 1.7.  The resonances of interest correspond to the 
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carbonyl and vinyl groups.  Strong absorbance observed in the region between 3400-3500 cm-1 
was attributed to the carboxyl OH stretch.  The stronger absorbance that is observed for 
imprinted polymers containing the amide functionality in thise region can either be result of an 
increase of the hydrogen bonding interactions between the amide and the carboxyl group of the 
MAA or the result of overlapping of these resonances.   
 
 
Figure 1.7.  FT-IR spectra of imprinted polymers with a) EGDMA, b) NAG, c) NOBE, d) MVK, 
and e) EDVK as the cross-linking monomers. 
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A qualitative estimation of the extent of unreacted double bonds considering the C-H out 
of plane bend at 900-950 cm-1 can be used to estimate the degree of cross-linking in the 
imprinted polymers.  FT-IR analysis for imprinted polymers with EGDMA, NAG, and NOBE 
(entries a-c) as the cross-linking monomers revealed that only a fraction of vinyl groups were 
incorporated during polymerization, leaving unreacted double bonds in the polymeric material.  
In contrast, for imprinted polymers using MVK and EDVK (entries d-e) the FT-IR analysis of 
the C-H out of plane bend at 940 cm-1 indicates complete reaction of the double bonds giving as 
a result a highly cross-linked structure.  This result indicates that the reactivity of the double 
bonds in the vinylketone functionality under the polymerization conditions used is higher 
compared to the reactivity of double bonds in the acrylate and acrylamide functionality.  This 
finding suggests that the polymeric structure obtained for these polymers is more densely 
crosslinked, resulting in a less efficient extraction of the template and a restricted access of the 
template to the specific cavities.  A similar effect has previously been shown to lower the 
performance of MIPs.1.18  The low percent of template extracted from the polymer in entry 4 
(56%), table 1 and the lower selectivity found for this MIP; is most likely due to this decrease in 
solvent and analyte accesibility within the polymer. 
 
1.7.3 13C CP-MAS NMR Analysis 
 Solid state 13C NMR is a widely used technique for the estimation of the amount of 
unreacted double bonds remaining in materials after polymerization of divinyl monomers.  Based 
on cross-polarization magic angle spinning (CP-MAS) experiments, estimates of the relative 
amounts of different types of carbon atoms can be obtained.1.36 
For molecularly imprinted polymers synthesized using the new crosslinking monomers, 
quantitative estimation of the unreacted double bonds by 13C CP-MAS NMR (Table 1.5) was 
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obtained from the integrated intensity of the carbonyl resonance assigned to the unsaturated 
carbonyl, relative to the total integrated intensity of the saturated carbonyl:1.37  (167 and 175 
ppm) for methacrylate, (167 and 177 ppm) for methacrylamide, and (190 and 210 ppm) for 
vinylketone.  The average number of unreacted double bonds was 20% with the values for all 
polymers falling close to that value.  The NOBE and NAG crosslinkers exhibited the highest 
number of free double bonds, which is attributed to the slow reactivity by the methacrylamide 
moiety.  As in the case of porosity, there are no correlations between residual double bonds and 
MIP performance in the literature.1.35  Therefore, to determine if the residual unreacted 
methacrylamide is responsible for the increased molecular recognition of the template molecule; 
compound 1.15 was synthesized and substituted for NOBE to provide the desired pendant amide 
functionality.  Table 1.1 shows the binding results for mimics of NOBE polymers, prepared with 
50% (entry 6), and 25% (entry 7) of compound 1.15.   
 
 Table 1.5. Quantification of unreacted double bonds determined by solid-state 13C CP-MAS 
                   NMR.  
Entry Croslinking 
monomer 
Methacrylate 
groups unreacted 
%a 
Methacrylamide 
groups unreacted 
%b 
Vinylketone 
groups unreacted 
%c 
Overall residual 
double bonds 
% 
1 EGDMA 17 -- -- 17 
2 NOBE 23d -- -- 23 
3 NAG -- 24 0 24 
4 MVK 9 -- 6 15 
5 EDVK -- -- 19 19 
a % of unreacted methacrylate groups (C=C) obtained from the area of the peak at 167 ppm due 
to C=O adjacent to C=C, compared with the total area due to C=O (167 and 175 ppm).  b % of 
unreacted methacrylamide groups (C=C) obtained from the area of the peak at 167 ppm due to 
C=O adjacent to C=C, compared with the total area due to C=O (167 and 177 ppm).  c % of 
unreacted vinylketone groups (C=C) obtained from the area of the peak at 190 ppm due to C=O 
adjacent to C=C, compared with the total area due to C=O (190 and 210 ppm).  d This % 
correspond to the unreacted methacrylate and methacrylamide groups because the overlapping of 
the signals corresponding to each group. 
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The data in entries 6 and 7 indicate the good binding and selectivity seen for entry 2 does 
not originate from pendant amide functionality; instead, it must be concluded that the amide 
functionality incorported in the crosslinked backbone of the polymer is responsible for the 
enhanced binding properties of NOBE polymers (and NAG polymers).  Last, it should be pointed 
out that the MIPs made with the new crosslinkers are similar with respect to residual double 
bond content versus standard EGDMA polymers.  However, the different order of reactivity for 
the polymerizable groups of the different crosslinkers (vinylketone > methacrylate > 
methacrylamide) suggests that the crosslinker NAG forms the macroporous polymer via a non-
traditional mechanism providing the MIP with a morphology that may be responsible, in part, for 
the enhanced selectivity. 
 
1.8 Insights into the Mechanism for Network Formation in MIPs Formulated with New  
Crosslinking Monomers 
 
Molecularly imprinted materials are highly crosslinked polymers generally prepared by 
bulk polymerization, giving as a result monoliths that require grinding and sieving prior to use.  
Variations in structure and functionality of crosslinking monomers used to synthesize MIPs have 
been widely investigated to improve their physical properties and format (e.g. particles, films, 
etc.).  However, most of the crosslinking monomers investigated possess two equal 
polymerizable groups with similar reactivity to the functional monomer.  This condition allows 
the formation of a polymeric network with a relatively even crosslinking density and high degree 
of homogeneity.  Unlike the commonly used crosslinking monomers for network formation in 
molecular imprinting, the crosslinking monomers NOBE, NAG, and MVK have the potential to 
control the mechanism of network formation to give networks that are different to the 
conventional EGDMA crosslinked systems.  Heterogeneity in the network formation using 
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monomers incorporating different functionalities, predominantly stem from differences in the 
reactivity of the polymerizable groups present in these monomers. 
 
Figure 1.8.  13C CP-MAS NMR spectra for imprinted polymers with (1) EGDMA, (2) NAG, (3) 
NOBE, (4) MVK, and (5) EDVK as the cross-linking monomers. 
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Studies from reactivity ratios of model systems have shown that differences in reactivity 
between the polymerizable groups have the potential to have a marked influence on the polymer 
macro-structure.  By controlling the manner in which the network is assembled, it is possible to 
alter the physical characteristics of the polymer and thereby afford the ability to control phase 
separation and crosslinking reactions.1.38   
In order to evaluate the macromolecular contribution of the different functionalities 
present in the NAG monomer for network formation, the polymerization process was studied by 
FT-IR and 13C CP-MAS NMR.  From the previous FT-IR and 13C CP-MAS NMR analyses, it 
appeared that the vinylketone moiety of NAG polymerized faster than the methacrylamide 
group.  Under these conditions, the vinylketone groups polymerize first to give a linear polymer 
with pendant methacrylamide groups, which then polymerize afterwards to form the crosslinked 
network polymer.  Studies using similar hybrid crosslinkers, albeit at a low level (3%) have also 
predicated long linear domains created by highly active olefins crosslinked at nodes via the less 
reactive portion of the crosslinker.1.39  This is a different polymerization mechanism  than the 
traditional route previously described for the formation of macroporous polymers.  Differences 
in morphology may arise from a different polymerization mechanism that could be responsible, 
at least in part, for the enhanced selectivity seen by MIP using the NAG crosslinking monomer 
versus the MIPs using the crosslinking monomers NOBE and MVK. 
To evaluate the incorporation of the crosslinker into the polymeric network, time 
dependent experiments for the polymerization of NAG were carried out using thermally initiated 
polymerization at 50ºC.  The conversion of unsaturated bonds to saturated bonds was initially 
followed by FT-IR over time, shown in the cascade display in figure 1.9.  The resonances of 
interest correspond to the vinyl ketone at 1690 cm-1 and the methacrylamide moiety at 1660 cm-1.  
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As the polymerization occurs, these resonances should shift to higher wavenumbers due to the 
conversion of the unsaturated carbonyls to saturated carbonyls.  As shown in figure 1.9, a clear 
change for this transformation occured for the vinylketone functionality, where the resonance at 
1690 cm-1 was shifted to 1714 cm-1.  After the gel point, which was observed at 50 minutes, the 
intensity of the resonance at 1690 cm-1 decreases, and a new resonance at 1714 cm-1 appears.  
The FT-IR spectra indicate that after 7 hours most of the vinylketone has been converted to the 
saturated ketone.   
 
Figure 1.9.  FT-IR spectra for polymerization at 50 ºC of imprinted polymer containing NAG as 
the crosslinking monomer. 
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Although, a clear shift was observed for the vinylketone, no shift was observed for the 
transformation of the methacrylamide functionality, only a broader resonance at 1660 cm-1 was 
obtained.  This observation indicates that under these conditions, the vinylketone polymerized, 
while only a small fraction the methacrylamide functionality was incorporated into the polymeric 
network. A more quantitative study was conducted using 13C CP-MAS NMR in order to estimate 
the amount of unreacted methacrylamide double bonds during polymerization.   
 
Figure 1.10. 13C CP-MAS NMR spectra for polymerization at 50ºC of imprinted polymer 
containing NAG as the crosslinking monomer. (1) 3h, (2) 7h, (3) 10h. 
 
The progress of the polymerization at 50ºC is shown in figure 1.10.  Estimation of the 
unreacted bonds due to methacrylamide groups (C=C) were obtained from the area of the peak at 
167 ppm due to C=O adjacent to C=C, compared with the total area due to C=O (167 and 177 
ppm).  13C CP-MAS NMR spectra indicates that after three hours at 50 ºC, 40 % of the 
methacrylamide groups had been converted to the saturated amide, while 88% of the vinylketone 
had reacted.  After seven hours, all the vinylketone (100%) had reacted and only 4% more of the 
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methacrylamide had been incorporated into the polymeric network, reaching a maximum of 52% 
after 10 h. 
Due to the overlapping of the signals of interest for the crosslinking monomer NOBE in 
the 13C CP-MAS NMR spectra, the initial phase of polymerization of this monomer was 
followed by 1H NMR.  Integration of the vinylic protons of the methacrylate and methacrylamide 
functionalities was followed during the first three hours of polymerization; after this period of 
time, peak broadening due to polymerization occurred.  The progress of the polymerization at 50 
ºC is shown in figure 1.11, showing that the gel point was reached after 65 min.  The 
methacrylate and methacrylamide groups appear to be stoichiometrically incorporated into the 
polymeric network, due to only a slight difference in the relative reactivities of the 
methacrylamide and methacrylate functionalities.  
0
20
40
60
80
100
120
0 50 100 150 200
t (min)
In
te
gr
al
 P
ea
k,
 %
vinylic H, (methacrylate)
vinylic H, (methacrylamide)
 
Figure 1.11.  Initial phase of polymerization at 50 ºC for imprinted polymer containing NOBE as 
the crosslinking monomer. 
 
The results obtained from the FT-IR, 13C CP-MAS NMR, and 1H NMR studies, reflect 
the relative functional group reactivities present in the monomers which parallel the reactivity 
ratios reported for non-crosslinking monomers (Table 1.6).1.40  In the case of the NAG monomer, 
they indicate that the vinylketone group polymerizes approximately twice as fast as the 
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methacrylamide group, which would give rise to long sections of linear poly-vinyl ketone with 
pendant methacrylamide groups at the initial stage of polymerization.  Thus, it is at the later 
stages that crosslinking takes place between methacrylamide groups, allowing the imprinting 
process to take place. 
 
Table 1.6. Reactivity ratios for non-crosslinking monomers. 
Entry Monomer 1 Monomer 2 r1 r2 
1 Methacrylamide Methyl methacrylate 0.49 1.65 
2 Methyl methacrylate Methacrolein 0.1 0.4 
3 Acrylamide Acrolein 0.18 1.59 
 
Contributions of morphology to binding properties of MIPs are difficult to establish 
because MIP materials are amorphous and crystallographic or microscopy methods cannot be 
used.  However, considering the behavior observed for the NAG polymers presented here, one 
possibility is that sequence morphology plays an important role in the molecular recognition 
process.  Figure 1.12 shows some of the common sequence morphology events that are 
anticipated to occur frequently during polymerization for MIPs made with NAG or NOBE in 
combination with MAA. 
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Figure 1.12.  Examples of substructure interactions between d-L-phe and NAG or NOBE 
imprinted polymers. 
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From these examples, the structural features that can account for the increased molecular 
recognition in the polymer binding sites for polymers made with NAG versus NOBE are: (1)  
homopolymerization of the vinylketone groups give rise to neighboring amide groups as shown 
in figure 1.12, increasing as a result the functional group density in the vicinity of the template in 
NAG polymers.  A  “chelate” effect may be present as a result of sequence dependent 
morphology, where polymerization of vinylketone groups leads to linear polyfunctional sections 
of methacrylamide and methacrylic acid groups that have the opportunity to cooperatively 
interact with the template forming a more stable complex.  
 
1.9 Conclusions 
Using EGDMA and EDMA as the lead compounds, three new crosslinking monomers 
were designed, synthesized, and evaluated as matrix elements for molecularly imprinted 
polymers.  Polymers made using the new crosslinking monomers and imprinted with the 
template dansyl-L-phenylalanine were evaluated using enantioselectivity as the figure of merit 
for MIP performance.  Chromatographic evaluation of the imprinted polymers revealed that 
MIPs made with amide-functionalized crosslinkers (NAG and NOBE) showed increased 
enantioselectivity for the template molecule versus MVK, EDVK, and the traditionally used 
EGDMA.  The same trend was observed when Boc-L-tyrosine and Cbz-L-tryptophan were used 
as the template molecules.  The origins of the enhanced selectivity arise from both molecular and 
macromolecular contributions as follows:  
Molecular Contributions: 
1. The amide functionality incorporated into the polymer backbone is responsible 
for the improved binding properties of NAG and NOBE polymers. 
 33
2. Selectivity of template binding may be enhanced by cooperative 1,3 
interactions of the amide and carbonyl group of NAG, versus the more distant 
1,5 interaction of NOBE. 
3. A higher functional group density by the NAG polymers in vicinity of the 
template may provide more positive binding interactions versus NOBE and 
EGDMA crosslinked polymers. 
Macromolecular Contributions: 
1. The shorter length of NAG may provide a better resolved binding site by 
wrapping more snugly around the template molecule.  This seems only to be 
effective in cooperation with a more rigid crosslinker to maintain the site 
fidelity, compared to MVK which has similar size but does not have the rigid 
amide linkage. 
2. Physical characterization of MIPs (surface area, pore size, residual double 
bonds) revealed that the new materials can all be classified as macroporous, 
without drastic differences in the polymer materials versus the standard 
MAA/EGDMA polymer formulation. 
3. The different order of reactivity for the polymerizable groups of the new 
crosslinkers (vinylketone > methacrylate > methacrylamide) resulted in 
materials with different degrees of crosslinking and selectivity.  This difference 
in reactivity suggests that the crosslinker NAG forms the macroporous polymer 
via a non-traditional mechanism providing the MIP with a morphology that 
may be responsible, for the enhanced selectivity. 
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Overall, these results show that the crosslinking monomer in not merely an inert 
component of the MIPs, but also plays a role in promoting positive interactions with the template 
to afford molecular recognition. 
 
1.10 Experimental 
Materials. Unless otherwise indicated, chemicals were purchased from Aldrich and used 
without further purification. Solvents were obtained from commercial suppliers and used as is. 
THF was dried by refluxing over K; followed by distillation. CH2Cl2 was dried by refluxing over 
CaH2 followed by distillation.  Reactions under anhydrous conditions were performed in dry 
glassware under N2 atmosphere.  Reactions were monitored by thin-layer chromatography using 
0.25 mm with UV indicator using 0.25 mm Macherey Nagel Silicagel Glass Plates (60F-254), 
fractions being visualized by UV light, iodine, or by staining with molybdophosphoric acid with 
subsequent heating.  Column chromatography was carried out with flash silicagel, 32-63 µm 
from Science Adsorbents Inc. 
Measurements.  1H NMR and 13C NMR were measured in CDCl3 unless otherwise 
indicated on a Bruker DPX-250 Spectrometer.  Chemical shifts (δ) are given in ppm relative to 
CDCl3 (7.24 ppm, 1H; 77.00 ppm, 13C) unless otherwise indicated.  13C CP-MAS NMR analysis 
was performed in a Chemagnetics Infinity 400 Spectrometer. IR spectra were obtained as neat 
samples on a Nicolet AVATAR 320 FT-IR unless otherwise indicated.  High-resolution mass 
spectra (HRMS) were obtained on a Finnigan MAT900 double sector instrument, under fast 
atom bombardent (FAB, liquid sims) ionization or electrospray ionization (EI).  Imprinted 
polymerization was performed in a photochemical turntable reactor (ACE Glass Inc.), which was 
immersed in a constant temperature bath.  A standard laboratory UV light source (a Canrad-
Hanovia medium pressure 450 W mercury arc lamp) jacketed in a borosilicate double-walled 
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immersion well was placed at the center of the turntable.   HPLC columns were packed using a 
Beckman 1108 Solvent Delivery Module, into stainless steel columns (length, 7.5 cm, i.d. 2.1 
mm) to full volume for chromatographic experiments. HPLC analyses were performed 
isocratically at room temperature (21°C) using a Hitachi L-7100 pump with a Hitachi L-7400 
detector.  Pore size measurements were obtained in a Quantachrom AUTOSORB-1  AS-1.  
2-(Methacryloylamino)ethyl 2-Methylacrylate (NOBE, 1.14): (0.976g, 16 mmol) of 2-
aminoethanol (1.20) were mixed with 15 mL of CH2Cl2, then (3.74g, 5.15mL, 37 mmol) of Et3N 
were added in small portions to the initial mixture with stirring.  The reaction mixture was 
cooled to 0ºC and then (3.867g, 3.6 mL, 37 mmol) of methacryloyl chloride were added 
dropwise with vigorous stirring and keeping the temperature at 0ºC.  After complete addition of 
methacryloyl chloride the temperature was increased to 40ºC and the reaction mixture was 
allowed to react 23 h at this temperature.  The reaction mixture was filtered out and the 
precipitate (Et3NHCl) discarded.  The filtrate was extracted with 0.5 M NaHCO3 (3 x 15 mL) 
and 0.5 M Sodium Citrate (3 x 15 mL).  The solvent was evaporated under vacuum and the 
compound was isolated by flash chromatography with EtOAc/Hexanes 50/50, EtOAc 100%.  
The product (1.14) was isolated as a pale yellow oil in a 59% yield.  1H NMR (CDCl3, 250 
MHz): δ 6.80 (1H, bs), 5.99 (1H, m), 5.71 (1H, t, J = 0.905 Hz), 5.60 (1H, t, J = 0.517 Hz), 5.38 
(1H, t, J = 0.517 Hz), 4.29 (2H, t, J = 5.69 Hz), 3.60 (2H, quad, J = 5.69, Hz), 1.94 (3H, s), 1.8 
(3H, s).  13C NMR (CDCl3, 62.5MHz):  δ 169.08, 167.82, 140.11, 136.25, 126.40, 120.04,  
63.50, 39.29, 18.90, 18.60. FT-IR (cm-1): 1722.55, 1660.17, 1628.55, 1453.10, 1336.68, 1161.81, 
1083.65, 937.62.  HRMS (EI) (M+) calcd. 197.1052, found 197.1063. 
N-t-Boc-α-methacryloyl Glycine (1.22):  3 mmoles of N-t-Boc-glycine N-methoxy, N-
methyl amide were disolved in 20 mL of dry THF and cooled at -15°C under N2. Then 7.5 
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mmoles of  isopropenyl magnesium bromide were added dropwise in a period of 5 min. The 
mixture was stirred for 5 min. more at -15°C after complete addition of the Grignard reagent; 
then the mixture was brought to room temperature and stirred for 25 min. After this period 15 
mL of saturated NH4Cl solution cooled at 0°  were added to quench the reaction. The THF is 
removed by evaporation under vacuum and then 30 mL of ethyl ether are added to recover the 
organic compounds. Phases are separated and the organic layer is washed with H2O (2 x 15 mL) 
and brine (1 x 20 mL), dried over MgSO4, filtered and concentrated under reduced pressure. The 
residue, a pale yellow oil is separated by flash chromatography with Hexane 100 %, 
EtOAc/hexanes 20/80 giving 83% yield for the product, a colorless oil. 1H NMR (CDCl3, 250 
MHz) δ 6.02 (1H, s), 5.84 (1H, s), 5.45 (1H, s), 4.37 (2H, d, J = 4.33Hz), 1.9 (3H, s), 1.45 (9H, 
s). 
N1-methoxy-N1-methylglycinamide Chloride, (1.23): (0.874g, 4 mmol) of N-Boc-
glycine N-methoxy, N-methyl amide (1.25) was dissolved in 3 mL of dry CHCl3, cooled at 0ºC 
under N2 atm. and then 10 mL of 2M HCl in ethyl ether were added dropwise.  The temperature 
was kept at 0ºC/6 h, increased to room temperature and stirred for 18 h. HCl and ether were 
purged under a current of N2 with further removal under vacuum.  The white sticky solid residue 
was washed with ethyl ether (3 x 20 mL) and dried under vacuum.  Yield 94%.  1H NMR 
(DMSO-d6, 250 MHz) δ  8.5 (3H, bs), 3.93 (2H, d), 3.82 (3H, s), 3.25 (3H, s). 13C NMR 
(DMSO-d6, 62.5 MHz): δ  167.60, 62.32, 34.69, 32.74.  FT-IR (cm-1): 3418.68 (broad), 
1671.571494.94, 1183.14, 1130.96, 983.41, 907.01.  HRMS (FAB) (M + H+) calcd. 119.0821, 
found 119.0825. 
N-Methacryloyl Glycine-N1,N1-methoxy-methyl Amide (1.26): (0.706g, 4 mmol) of 
1.23 was suspended in 5 mL of CH2Cl2 and neutralized with Et3N until pH 7-8.  The mixture was 
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cooled at 0ºC and then the rest of Et3N was added.  A total of 20 mmol (2.024g, 2.78 mL) were 
added.  To this mixture (0.122g, 1 mmol) of DMAP was added, followed by dropwise addittion 
of methacryloyl chloride (1.0454g, 10 mmol).  After complete addition of methacryloyl chloride, 
the mixture was kept at 0ºC for 30 min, then the temperature increased to rt, and allowed to react 
48 h.  The reaction mixture was filtered and the precipitate (Et3N.HCl) discarded.  The filtrate 
was washed with 0.5 M NaHCO3 (3 x 15 mL) and 0.5 M Sodium Citrate (3 x 15 mL) and dried 
over MgSO4.  The solvent was evaporated under vacuum to leave a brown oil. 1.26 was isolated 
by flash chromatography with EtOAc giving a pale yellow oil in a 66 % yield.  1H NMR 
(CDCl3): δ 6.70 (1H, b), 5.73 (1H, s), 5.30 (1H, s), 4.17 (2H, d, J = 4.42 Hz), 3.67 (3H, s), 3.16 
(3H, s), 1.93 (3H, s), 13C NMR (CDCl3, 62.5 MHz): δ 170.08, 168.61, 139.68, 120.61, 61.93, 
41.24, 32.70, 18.09. FT-IR (cm-1): 3349.22, 1658.85, 1621.44, 1533.06, 1313.81, 991.35, 931.64.  
HRMS (FAB) (M + H+) calcd. 187.1082, found 187.1078. 
Isopropenyl Magnesium Bromide.  A stirred suspension of magnesium turnings  (2.7g, 
113 mmol) in abhydrous THF (130 mL) at rt under N2 was provided with a crystal of re-
sublimated iodine.  The brown mixture was then treated with one quarter of a solution of 2-
bromopropene (10g, 82.6 mmol) in anhydrous THF (20 mL).  The resultant suspension was 
heated to 40 °C until the brown color had dissipated and the Grignard formation had initiated.  
The remainder of the solution of bromide was then added at such a rate as to maintain the 
temperature between 40-50 °C  (ca 30 min).  After the complete addition the solution was heated 
at reflux for an additional 1.5 h, and then cooled to rt.  The resultant solution was back-titrated in 
0.5M HCl with 0.5M NaOH and phenolphthalein as indicator. 
2-Methyl-N-(3-methyl-2-oxobut-3-enyl)acrylamide, (1.17): (0.558g, 3 mmol) of 1.26 
was dissolved in 10 mL of dry THF and cooled to -15ºC under N2. Isopropenyl magnesium 
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bromide (15 mL of a 0.5M solution/THF, 7.5 mmol) was added dropwise over a period of 5 min 
during which a pale yellow precipitate was formed.  The mixture was stirred for other 5 min at –
15ºC following complete addition of the Grignard reagent; then brought to room temperature and 
stirred for 25 min.  After this period, 7.0 mL of saturated NH4Cl solution was added to quench 
the reaction.  The THF was removed by evaporation under vacuum and 30 mL of ethyl ether 
were added to recover the organic compounds.  Phases were separated and the organic layer 
washed with H2O (2 x 15 mL) and brine (1 x 20 mL), dried over MgSO4, filtered and 
concentrated under reduced pressure.  The residue, a pale yellow oil was separated by flash 
chromatography with EtOAc/Hexanes 50/50 giving 54 % yield for the title product as a yellow 
oil.  1H NMR (CDCl3, 250 MHz): δ 6.75 (1H, bs), 6.06 (1H, d, J = 0.948 Hz) 5.89 (1H, t, J = 
1.580 Hz), 5.78 (1H, d, J = 0.948Hz), 5.37 (1H, t, J = 1.580 Hz), 4.49 (2H, d, J = 4.423 Hz), 
1.97 (3H, t, J = 0.948 Hz), 1.91 (3H, t, J = 0.948 Hz).  13C NMR (CDCl3, 62.5MHz) δ 196.20, 
168.52, 142.59, 139.71, 126.59, 120.76, 46.03, 18.93, 17.71).  FT-IR (cm-1): 3347.10, 1692.50, 
1660.19, 1621.08, 1531.16, 1453.91, 1058.59, 934.88.  HRMS (FAB) (M + H+) calcd. 168.0946, 
found 168.1017. 
2-[Methoxy(methyl)amino]-2-oxoethyl Acetate (1.33).  To a solution of 
(acetyloxy)acetic acid 1.32 (2.40g, 20 mmol) in dry CH2Cl2 (90 mL) under N2 was added N-
methylmorpholine (4.49g, 44 mmol).  The mixture was cooled at –15ºC and 
isobutylchloroformate (3.06g, 22 mmol) was added.  The mixture was stirred at –15ºC/15 min 
followed by the addition of N,O-dimethyl hydroxyl amine hydrochloride (2.21g, 22 mmol).  The 
mixture was stirred at –15 ºC/1h, allowed to warm to rt, and stirred for 24 h.  The reaction 
mixture was poured into water (60 mL), and the aqueous phase was extracted with CH2Cl2 (2 x 
50 mL).  The combined organic extracts were dried over MgSO4.  The solvent was removed 
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under vacuum giving a pale yellow oil.  The product was isolated by flash chromatography using 
EtOAc/Hexanes 60/40. Yield 95%.  1H NMR (CDCl3, 250MHz): δ 4.53 (2H, s), 3.46 (3H, s), 
2.90 (3H, s) 1.86 (3H, s).  13C NMR (CDCl3, 62.5MHz): δ 170.56, 168.09, 61.62, 61.19, 32.32, 
20.64.  FT-IR (cm-1): 3567.35, 1746.53, 1685.48, 1425.93, 1233.65, 1066.07, 982.08.  HRMS 
(FAB) (M + H+) calcd. 162.0688, found 162.0774. 
2-Hydroxy-N1-methoxy-N1-methyl-acetamide (1.34).  Compound 1.33 (2.576g, 16 
mmol) was dissolved in THF (75 mL), the solution was cooled to 0ºC and then 1M LiOH/MeOH 
(16 mL) was added quickly.  The reaction mixture was stirred for 20 min at 0ºC and then water 
(40 mL) was added.  The solvent was removed under vacuum, leaving the aqueous phase which 
was extracted with CHCl3, dried over MgSO4, and the solvent removed under vacuum to give a 
pale yellow oil.  The product was isolated by flash chromatography using EtOAc.  Yield 60%.  
1H NMR (CDCl3, 250MHz): δ 4.13 (2H, s), 3.52 (3H, s), 3.48 (1H, s, broad), 3.06 (3H, s).  13C 
NMR (CDCl3, 62.5): δ 173.54, 61.75, 60.10, 37.74.  FT-IR (cm-1): 3421.61(broad), 1660.35, 
1442.80, 1182.55, 1071.84, 987.99.  HRMS (FAB) (M + H+) calcd. 120.0582, found 120.0665 
2-[Methoxy(methyl)amino]-2-oxoethyl 2-Methylacrylate (1.35).  Compound 1.34 
(0.87g, 7 mmol) was dissolved in CH2Cl2 (50 mL).  To this solution MAA (0.663g, 7.7 mmol) 
and DMAP (0.094g, 0.77 mmol) were added at rt.  After 5 min, DCC (1.589g, 7.7 mmol) was 
added and the reaction mixture was stirred seven days. The DCU was filtered and the organic 
phase was extracted with 0.5M NaHCO3 (2 x 45 mL), 0.5 M sodium citrate (2 x 45 mL), dried 
over MgSO4 and the solvent evaporated under vacuum to give a yellow-orange oil.  The product 
was isolated by flash chromatography using EtOAc/Hexanes 60/40.  Yield 89%.  1H NMR 
(CDCl3, 250MHz): δ 6.04 (1H, s), 5.46 (1H, q, J = 1.58 Hz), 4.81 (2H, s), 3.66 (3H, s), 3.11 (3H, 
s), 1.90 (3H, s).  13C NMR (CDCl3, 62.5MHz): δ 168.34, 167.39, 135.96, 126.90, 61.83, 61.65, 
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32.61, 18.57. FT-IR (cm-1): 1725.77, 1688.27, 1427.41, 1297.88, 1163.32, 986.46.  HRMS (EI) 
(M + H+) calcd. 188.0845, found 188.0436. 
2-Methyl-acrylic Acid 3-methyl-2-oxo-but-3-enyl Ester (1.16).  Compound 1.35 
(0.748g, 4.0 mmol) was dissolved in 45 mL of dry THF and cooled at –78ºC under N2.  
Afterward, 0.5 M isopropenyl magnesium bromide (12.0 mL, 6.0 mmol) diluted with THF (9 
mL) was added dropwise over a period of 5 min.  The mixture was stirred for another 30 min at –
78ºC after complete addition of the Grignard reagent; then the mixture was brought to 0ºC and 
stirred for 30 min.  After this period 15 mL of saturated NH4Cl solution was added to quench the 
reaction.  The THF was removed by evaporation under vacuum and then ethyl ether (30 mL) was 
added to recover the organic compounds.  Phases were separated and the organic layer washed 
with H2O (2 x 40 mL) and brine (1 x 40 mL), dried over MgSO4, filtered and concentrated under 
reduced pressure.  The residue, a pale yellow oil was separated by flash chromatography with 
EtOAc/Hexanes 20/80 giving 18.3% yield for the title product, as a pale yellow oil.  1H NMR 
(CDCl3, 250MHz): δ/ppm = 6.14 (1H, t, J = 0.948 Hz), 5.885 (1H, t, J = 0.948 Hz), 5.77 (1H, t, 
J = 1.58 Hz), 5.57 (1H, t, 1.58 Hz), 5.09 (2H, s), 1.91 (3H, t, J = 1.738, 0.79 Hz), 1.86 (3H, t, J 
= 1.58, 0.79 Hz).  13C NMR (CDCl3, 62.5MHz): δ 193.93, 167.20, 142.62, 135.98, 127.00, 
125.46, 65.93, 18.69, 17.83. FT-IR (cm-1): 1728.99, 1696.33, 1637.07, 1430.18, 1294.80, 
1167.64, 1093.52, 1034.89, 941.49, 818.01.  HRMS (EI) (M + H+) calcd. 169.0786, found 
169.0702. 
N,N'-dimethoxy-N,N'-dimethyl-succinamide (1.37).  Compound 1.36 was prepared 
following a protocol literature1.32 providing product as dark brown needles in a 62 % yield. Mp 
73-75 ºC. 1H NMR (CDCl3, 250MHz): δ 3.67(3H, s), 3.14(3H, s), 2.72 (2H, s).  13C NMR 
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(CDCl3, 62.5MHz): δ 173.67, 61.46, 32.45, 26.69.  FT-IR (cm-1): 1660.58, 1454.93, 1392.19, 
1194.01, 993.29, 933.47.  HRMS (FAB) (M + H+) calcd. 205.1110, found 205.1194. 
2,7-Dimethyl-octa-1,7-diene-3,6-dione (1.18).  A solution of diamide 1.37 (2.02 g, 9.94 
mmol) in 80 mL of dry THF under N2 was cooled at -70 ºC, followed by dropwise addition of 
0.5 M isopropenyl magnesium bromide in THF (59.6 mL, 29.8 mmol) diluted in dry THF (30 
mL) over 5 min.  After complete addition, the reaction mixture was stirred additional 30 min at  -
70ºC, and then the temperature was left to rise to 0ºC and kept for 2 h.  Saturated NH4Cl (20 mL) 
was added to quench the reaction.  THF was removed under vacuum and the aqueous phase was 
extracted with ethyl ether (3 x 50 mL).  The organic phase was washed with water (2 x 50 mL), 
brine (50 mL), dried over MgSO4, and the solvent evaporated under vacuum; to leave an orange 
liquid.  The target product, a pale yellow liquid, was isolated by flash chromatography on silica 
gel using EtOAc/Hexanes 20/80.  Yield 27%.  1H NMR (CDCl3, 250MHz): δ 5.93 (1H, s), 5.66 
(1H, t, J = 1.422, 0.632 Hz), 2.91 (2H, s), 1.75 (3H, t, J = 1.58, 0.948 Hz).  13C NMR (CDCl3, 
62.5MHz): δ 200.56, 144.5, 124.98, 31.74, 17.87.  FT-IR (cm-1): 1674.51, 1453.00, 1368.02, 
1070.75, 935.67.  HRMS (EI) (M+) calcd. 166.0993, found 166.0990. 
N,N'-dimethoxy-N,N'-dimethyl-oxalylamide (1.39).  The title compound was prepared 
as dark brown needles in 60 % yield following the protocol reported by Weinreb.1.33  1H NMR 
(CDCl3, 250MHz): δ 3.64 (3H, s), 3.19 (3H, s).  13C NMR (CDCl3, 62.5MHz): δ  165.25, 62.42, 
31.60.  FT-IR (cm-1) 2983.47, 2941.17, 1659.60, 1460.31, 1380.79, 1179.80, 1153.03, 1122.21, 
1070.52, 977.24, 742.42. 
2-(Acetylamino)ethyl 2-Methacrylate (1.15).  N-(2-hydroxyetyl)acetamide 1.40 (10.0g, 
96.97 mmol) was dissolved in CHCl3 (250 mL).  To this solution MAA (12.522g, 145.45 mmol) 
and DMAP (1.777g, 14.54 mmol) were added at rt.  After 5 min, DCC (30.01g, 145.55 mmol) 
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was added and the reaction mixture was stirred four days. The DCU was filtered and the organic 
phase was extracted with 0.5M HCl (2 x 200 mL), H2O (200 mL), 0.5M NaHCO3 (2 x 200 mL), 
dried over MgSO4 and the solvent evaporated under vacuum to give a colorless oil.  The product 
was isolated by flash chromatography using EtOAc/Hexanes 50/50, EtOAc in a 35% yield.  1H 
NMR (CDCl3, 250MHz): δ  6.66 (1H, s), 6.02 (1H, s), 5.49 (1H, s) 3.96-4.13 (2H, t), 3.40-3.47 
(2H, quad), 3.66 (3H, s), 1.95 (3H, s), 1.83 (3H, s).  13C NMR (CDCl3, 62.5MHz): δ 171.07, 
167.64, 136.25, 126.26, 63.61, 38.87, 23.23, 18.49.  FT-IR (cm-1): 3288.27, 3083.16, 2958.86, 
1713.91, 1658.95, 1555.36, 1165.83, 1041.19, 945.26.  HRMS (FAB) (M + H+) calcd. 172.0895, 
found 172.0975 
Polymer Preparation: The following procedure was used for imprinted polymers 
employing the new cross-linking monomers.  In a 13 x 100 mm test tube, (0.062g, 0.155 mmol) 
of dansyl-L-phenylalanine was dissolved in 1.5 mL of acetonitrile.  To this solution was added 
(0.109g, 1.27 mmol) of MAA, (1.0617g, 6.35 mmol) of 8 (NAG), and (0.020g, 0.124 mmol) of 
AIBN.  Similar imprinted polymers were prepared using 6 (NOBE), 7 (MVK), and 9 (EDVK) as 
the cross-linking monomers.  For comparison to traditionally formulated imprinted polymers, 
another polymer was imprinted using the formulation above, substituting EGDMA as the cross-
linking monomer.  The solution was purged by bubbling nitrogen gas into the mixture for 5 min, 
then capped and sealed with teflon tape and parafilm.  The samples were inserted into a 
photochemical turntable reactor, which was immersed in a constant temperature bath.  A 
standard laboratory UV light source (medium pressure 450 W mercury arc lamp) jacketed in a 
borosilicate double-walled immersion well was placed at the center of the turntable.  The 
polymerization was initiated photochemically at 20°C and the temperature maintained by both 
the cooling jacket surrounding the lamp and the constant temperature bath holding the entire 
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apparatus.  The polymerization was allowed to proceed for 10 h, then used for chromatographic 
experiments. 
Chromatographic Experiments.  Removal of the template was achieved by Soxhlet 
extraction with methanol for 48 h.  Then the polymers were ground using a mortar and pestle, the 
particles were sized using U.S.A. Standard Testing Sieves, and the fraction between 20-25 µm 
was collected.  The particles were slurry packed, using a solvent delivery module, into stainless 
steel columns (length, 75 mm; i.d., 2.1 mm) to full volume for chromatographic experiments.  
The polymers were then washed on line for 12 h using acetonitrile/acetic acid: 98/2, at a flow 
rate of 0.1 mL/min to remove any residual template.  HPLC analyses were performed 
isocratically at room temperature (21°C).  The flow rate in all cases was set at 0.1 mL/min using 
a mobile phases consisting of acetonitrile/acetic acid: 99/1 or acetonitrile, a substrate 
concentration of 0.1 mM dansyl-phenylalanine in acetonitrile, and a wavelength detection of 330 
nm.  The void volume was determined using acetone as an inert substrate.  The separation factors 
(α) were measured as the ratio of capacity factors k'L/ k'D.  The capacity factors were determined 
by the relation k' = (Rv - Dv)/ Dv, where Rv is the retention volume of the substrate, and Dv is the 
void volume. 
Pore Analysis.  A sample of polymer (70-150 mg) was degassed at 150ºC/24 h under 
vacuum. The absorption and desorption isotherms were obtained using a 20 min equilibration 
time.  Surface areas were determined according to the BET model, pore volumes and size 
distributions according to the BJH model. 
13C CP-MAS NMR Analysis. 13C CP-MAS NMR data were collected at ambient 
temperature at a frequency of 100.60 MHz.  Samples were packed into 5 mm zirconia rotors 
(Varian, Palo Alto CA) and spun at 5 KHz.  4096 data points were collected over a spectral 
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window of 50 KHz; 1H 90° pulse of 4.6 µs; acquisition time 81.92 ms; contact time 5 ms, and a 
repetition time of 4.0 s.  Sample preparation:  In a Eppendorf tube (1.5 mL), dansyl-L-
phenylalanine (0.0175g, 0.044mmol) was dissolved in 200 µL of dry acetonitrile, to this solution 
was added MAA (0.031g, 0.36 mmol) followed by the addition of a solution of 6 (0.3g, 1.79 
mmol, in 250 µL of dry acetonitrile) and the initiator AIBN (0.0057g, 0.035 mmol).  The mixture 
was sonicated and then degassed by bubbling N2 for 5 min, the tube was capped and placed in a 
oil bath at 50 ºC.  Under N2 atmosphere samples were taken at different times and analyzed by 
FT-IR and 13C CP-MAS NMR. 
In Situ 1H NMR Experiments.  NMR spectra were recorded on a Bruker DPX-400 (400 
MHz) spectrometer.  Sample preparation:  NOBE (0.384 g, 2 mmol) was weighted in a NMR 
tube followed by the addition of 400 µL of deuterated acetonitrile,  bi-naphthol (0.029g, 0.101 
mmol), and AIBN (0.0053g, 0.0325 mmol).  The polymerization was monitored at 50 ºC every 5 
min until the sample appeared solid and no more NMR signal could be detected.  The peak 
intensities of the vinyl peaks of the methacrylate and methacrylamide functionalities were used 
for the calculation of the monomer conversion. 
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CHAPTER 2 
 
SYNTHESIS AND CHARACTERIZATION OF FUNCTIONAL CROSSLINKING 
MONOMERS BASED ON AMINO ACIDS FOR MOLECULAR IMPRINTING1-3 
 
2.1 Introduction 
Molecular imprinting is a methodology used to produce polymeric materials with specific 
recognition sites tailored for targeted compounds.  These polymeric materials have found use as 
chromatographic supports, catalysts, and solid phase extraction media.  However, advanced 
applications of MIPs including directed synthesis and biosensor technology will depend on the 
development of MIP materials with improved performance.2.1  The process of molecular 
imprinting as described in Chapter 1, involves self-assembly of a functional monomer-template 
pre-polymer complex (PPC), followed by copolymerization with a cross-linking monomer to 
form a polymeric network around the template molecule.  After removal of the template, the 
resulting polymer is postulated to contain binding sites that are complementary in shape and 
functionality to the template molecule. 
A seminal study by Wulff and coworkers, illustrated an important fact that increasing the 
amount of cross-linking matrix increases the specific recognition by covalently imprinted 
polymers.2.2  However, imprinted polymers formed using a non-covalent approach depend on the 
solution concentration of functional monomer to form the PPC.  Therefore, according to Le  
 
1  From Martha Sibrian-Vazquez & David A. Spivak “Improving the Strategy and Performance 
of Molecularly Imprinted Polymers using Crosslinking Functional Monomers” J. Org. Chem., 
2003, in Press.  Reprinted by permission.  Copyright 2003 American Chemical Society. 
2  From Martha Sibrian-Vazquez, David A, Spivak. “Convenient Synthesis of 3-(S)-amino-δ-
butyrolactone” Synlett, 2002, 7, 1105-1106.  Reprinted by permission.  Copyright 2002 
Thieme. 
3  From David A. Spivak & Martha Sibrian-Vazquez “Development of an aspartic acid-based 
cross-linking monomer for improved bioseparations” Bioseparation, 2001, 10, 331-336.  
Reprinted by permission.  Copyright 2001 Kluwer Academic Publishers B.V. 
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Chatlier's principle, an increase in the functional monomer concentration should increase the 
concentration of PPC, which is in turn postulated to play an important role in the formation of 
specific sites in the polymer.  Increasing the functional monomer concentration requires 
reduction in the amount of crosslinker, generating MIPs with poor recognition properties as a 
result of random motion of uncrosslinked polymer domains.2.3  Thus, a balance must be struck 
for optimum imprinting conditions which never allows the optimum concentration of cross-
linker or functional monomer.   
In an effort to design the most effective monomers for molecular imprinting, we decided 
to combine the interactive monomer functionality with the cross-linking requirements, thus 
eliminating the need to limit the ratio of cross-linking monomer in favor of functional group 
monomers and vice versa. Two previous examples of functionalized crosslinking monomers 
have shown modest results in improving the performance of MIPs.  For example, N,O-
bisacryloyl-L-phenylalaninol2.4 and the N,O-dimethacryloyl phenylglycinol2.5 monomers were 
synthesized and tested for chiral separations; however, only modest enantioselectivity for 
binding the template molecule was obtained.  Another example of this class of monomers is the 
2,6-bis(acrylamido)pyridine (BAAP).2.6  This monomer incorporates a donor-acceptor-donor 
motif, that mimics interactions found in DNA via multiple hydrogen bonds for binding the 
template.  This example showed that the crosslinker can also serve as the complexing 
functionality needed to form the pre-polymer complex, and provide affinity for the template 
upon rebinding. 
 
2.2 Specific Goals 
The specific goals for this project were: 
• Design and synthesis of functionalized crosslinking monomers. 
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• Synthesize molecularly imprinted polymers using the new crosslinking functional 
monomers and compare binding properties with the traditional system methacrylic 
acid/EGDMA. 
 
2.3 Monomer Design 
The criteria for monomer design used for this study introduces a concept that combines 
the interactive functional group for formation of the pre-polymer complex in a crosslinking 
format that could maintain the structural integrity of the polymer matrix.  Typically, functional 
monomers containing the carboxylic acid functionality are used in non-covalent molecular 
imprinting, due to the fact that the carboxylic group may act as hydrogen bond and proton donor 
as well as hydrogen bond acceptor.   
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Figure 2.1.  Crosslinking functional monomers proposed. 
 
For this project, natural amino acids incorporating the carboxylate functionality (e.g. 
serine, aspartic acid, and glutamic acid) were taken as the precursors for the synthesis of 
functionalized crosslinking monomers in order to mimic interactions that are found in nature.  
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These amino acids also provide end groups that can be transformed into crosslinking 
polymerizable groups that are compatible with EGDMA.  Two classes of polymerizable groups: 
methacrylamide/methacrylate and methacrylamide/vinylketone were considered for the purpose 
of this study; the proposed monomers are shown in figure 2.1. 
To evaluate the contributions that the crosslinking backbone might have toward improved 
binding, non-crosslinking functional monomers 2.6 – 2.9, incorporating the same interactive 
functionality found in the proposed monomers, along with MAA 2.10 were also included in this 
study. 
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Figure 2.2  Non-crosslinking functional monomers. 
 
2.4 Monomer and Crosslinker Syntheses 
Synthesis of N,O-bis-methacryloyl L-Serine (NOS, 2.1).  As shown in scheme 2.1, the 
first step in the synthesis of monomer 2.1 involves the acylation of the L-serine α-methyl ester 
hydrochloride 2.11 with methacrylic acid in the presence of DCC/DMAP to give compound 8, in 
a 71% yield.  Chemical deprotection of the α-carboxylic group by nucleophilic dealkylation2.7 
using LiI, Me3SiI, and KOSiMe3 as well as basic hydrolysis2.8 using LiOH/THF-MeOH, 
NaOH/MeOH, and Ba(OH)2/MeOH, hydrolyzed both esters rather than the desired methyl ester 
saponification.  Based on these results an enzymatic approach for the final deprotection was 
considered.  Following protocols reported by Ohno,2.9 Wild,2.10 and Chenevert;2.11 three enzymes 
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were screened for selective hydrolysis of the methyl ester:  Porcine Pancreas Lipase, Porcine 
Liver Esterase, and Carbonic Anhydrase (Bovine Erythrocytes).  In the case of this monomer, 
Porcine Pancreas Lipase (PPL) gave the highest yield of the product 2.1 at 62% yield. 
 
Scheme 2.1.  Synthesis of N,O-bis-methacryloyl L-Serine a 
O
N
H
O
O
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O
O
N
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O
O
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O
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O
OH
H3NCl
a b
71% 62%
 
aReaction conditions: (a) MAA/Et3N/DMAP/DCC/CH2Cl2, rt/5d; (b) PPL (EC 3.1.1.3)/pH=7.5, 
rt/72h. 
 
2.4.1 Synthesis of N,O-bismethacryloyl L-Aspartic Acid (NOAA, 2.2).  The synthesis of 
compound 2.2, shown is scheme 2.2.  N-t-Boc-protected L-aspartic acid with the side chain 
carboxylate group protected as the benzyl ester 2.13 was utilized as the starting material.  The 
first step of the synthesis involved selective reduction of the α-carboxylic acid to the 
corresponding alcohol 2.14 with NaBH4, via a mixed anhydride to give a crystalline product 
(95% yield).  No racemization occurred as determined by chiral HPLC.  Hydrolysis of 2.14 with 
ethereal HCl not only afforded the removal of the t-Boc protecting group, but simultaneously 
catalyzed γ- lactone formation 2.15 in an overall 90% yield.  Subsequent acid hydrolysis of the 
lactone with HCl/MeOH provided the α-amino alcohol with the side carboxylate protected as a 
methyl ester 2.16 in 98% yield.  Acylation of both the alcohol and amine groups of compound 
2.16 was accomplished in one step using two equivalents of methacrylic acid/DCC/DMAP to 
give a 33% yield of the protected methacrylamide/methacrylate hybrid monomer. Final 
deprotection of the methyl ester protected side-chain carboxylate group in 2.17 was unsuccessful 
using typical chemical procedures such as basic hydrolysis or nucleophilic dealkylation. These 
 52
procedures resulted primarily in hydrolysis of the methacrylate moiety instead of the methyl 
ester protecting group. Therefore, an alternative method was successfully developed using an 
enzymatic hydrolysis method.  A screening of several ester hydrolyzing enzymes determined that 
Porcine Liver Esterease (PLE) selectively hydrolyzed the side-chain methyl ester in L-aspartic 
acid to give the carboxylic acid product 2.2 in yields ranging from 60-65%. 
 
Scheme 2.2.  Synthesis of N,O-bismethacryloyl L-Aspartic Acida 
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aReaction conditions: (a) NMM/i-BuCO2Cl/NaBH4/THF/MeOH, -15ºC/10 min, 0ºC/20 min.  (b)  
2N HCl/MeOH, reflux/24 h. (d) H2C=C(CH3)COOH/Et3N/DCC/DMAP/CH2Cl2, rt/5d.  (e) PLE 
(EC 3.1.1.1), pH=8, rt/72h. 
 
2.4.2 Synthesis of N,α-bismethacryloyl L-Aspartic Acid (NAA, 2.3).  An interesting aspect 
of this synthesis is the use of a Weinreb amide2.12 as a protecting group for the carboxylate side 
chain as well as a latent electrophile for the penultimate step.  The Weinreb amide was formed 
from N-Boc-L-aspartic acid β-methyl ester 2.18, as shown in scheme 2.3, via formation of a 
mixed anhydride to give a 98% yield.  Deprotection of the amine, followed by acylation gave 
compound 2.21 in an overall yield of 35%.  Nucleophilic addition of isopropenylmagnesium 
bromide to the Weinreb amide (5:1) gave the best yield of 2.22 (44%).  Enzymatic hydrolysis 
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using Porcine Liver Esterase (PLE) or nucleophilic dealkylation with Me3SiI proved to be 
successful in the selective deprotection of the methyl ester to give the desired product 2.3. 
 
Scheme 2.3.  Synthesis of N,α-bismethacryloyl L-Aspartic Acid a 
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aReaction conditions: (a) NMM/i-BuCO2Cl/HCl.HN(CH3)(OCH3)/THF, -15ºC/1h, rt/24h; (b) 
HCl/Et2O, 0ºC/6h, rt/18h; (c) H2C=C(CH3)COCl/Et3N/CH2Cl2, rt/48h; (d) C3H5MgBr/THF, -
15ºC/30 min, rt/30 min; (e) PLE (EC 3.1.1.1), pH=8, rt/72h. 
 
2.4.4 Synthesis of N,O-bismethacryloyl-L-Glutamic Acid (NOGA, 2.4).  Synthesis of title 
monomer was performed using the same synthetic route as described in 2.4.2.  However, 
attempts to isolate the deprotected γ-lactone 2.26 by acid hydrolysis of 2.24 gave a mixture of 
products consisting of the deprotected amino alcohol 2.25 and the γ-lactone 2.26 (scheme 2.4).  
As an alternative to obtain the methyl protected amino alcohol 2.27, compound 2.24 was treated 
with an excess of HCl/Et2O, and the crude obtained from this reaction was then transesterified 
with HCl/MeOH under reflux for 48 h.  Scheme 2.4 shows the overall synthetic route used. 
 
2.4.5 Synthesis of N,α-bismethacryloyl-L-Glutamic Acid (NAGA, 2.5).  Synthesis of the 
title compound (scheme 2.5) was performed following the same synthetic route as described in 
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Scheme 2.4.  Synthesis of N,O-bismethacryloyl-L-Glutamic Acid a 
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aReaction conditions:  (a) NMM/i-BuCO2Cl/NaBH4/THF/MeOH, -10ºC/10min, 0ºC/20min.  (b)  
HCl/Et2O, 0ºC/6h, rt/18h.  (c)  HCl/Et2O, 0ºC/6h, rt/18h; 2N HCl/MeOH, reflux/48h.  (d)  
MAA/Et3N/DMAP/DCC/CH2Cl2, rt/5d.  (e)  PLE (EC 3.1.1.1), pH=8.0, rt/72h. 
 
2.4.3.  However, nucleophilic addition of isopropenylmagnesium bromide to the carbonyl of the 
Weinreb amide derivative 2.32 did not take place, due presumably to steric effects associated 
with this group.  Instead, nucleophilic addition to the carbonyl of the ester functionality occurred 
giving as a result a mixture of the addition products 2.34 and 2.35 in 27% yield.  From the 
reaction mixture only 13% of 2.33 was isolated.  Attempts to increase the chemoselectivity 
towards nucleophilic addition to the carbonyl of the Weinreb amide 2.32 were all unsuccessful. 
 
2.4.6 Synthesis of N-methacryloyl Glycine (2.6) and N-methacryloyl β-alanine (2.7).  
Compounds 2.6 and 2.7 (scheme 2.6) were synthesized using the same protocol reported 
 55
Heilman.2.13  Acylation of the amino acid starting material using methacryloyl chloride under by 
Schotten-Bauman conditions gave 42% yield in both cases.  
Scheme 2.5.  Synthesis of N,α-bismethacryloyl-L-Glutamic Acid a 
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aReaction conditions: (a) NMM/i-BuCO2Cl/HCl.HN(CH3)(OCH3)/THF, -15ºC/1h, rt/24h; (b) 
HCl/Et2O, 0ºC/6h, rt/18h; (c) H2C=C(CH3)COCl/Et3N/CH2Cl2, rt/48h; (d) C3H5MgBr/THF, -
15ºC/30 min, rt/30 min. 
 
Scheme 2.6.   Synthesis of N-methacryloyl Glycine and N-methacryloyl β-alanine a 
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aReaction conditions: (a) H2C=C(CH3)COCl/NaOH, rt/48h. 
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2.4.6 Synthesis of 2-Methyl-acrylic Acid 2-Carboxy-methyl Ester, 2.8.  As shown in 
scheme 2.7, this non-crosslinkng monomer was synthesized by Jones oxidation2.14 of the 
commercially available hydroxyethyl methacrylate 2.38 to give the 2-methyl-acrylic acid 2-
carboxy-methyl ester 2.8 in 50% yield. 
 
Scheme 2.7.  Synthesis of 2-Methyl-acrylic Acid 2-Carboxy-methyl Estera 
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aReaction conditions: (a) Cr2O3/H2SO4/Acetone, reflux. 
 
2.4.7 Synthesis of 2-Methyl-acrylic Acid 2-Carboxy-ethyl Ester, (2.9).  Following a 
protocol reported by Nakaya2.15 and coworkers, hydroxypropyl methacrylate 2.40 was obtained 
by monoacylation of 1,3-propanediol 2.39 in 39% yield (scheme 2.8).  Jones oxidation2.14 of 2.40 
gave the target compound 2.9 in 47% yield. 
 
Scheme 2.8.  Synthesis of 2-Methyl-acrylic Acid 2-Carboxy-ethyl Ester a 
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aReaction conditions: (a) H2C=C(CH3)COCl/Et3N, 50ºC/2h; (b) Cr2O3/H2SO4/Acetone, 
reflux. 
 
2.5 Synthesis of Molecularly Imprinted Polymers 
In order to evaluate the performance of NOS, NOAA, and NAA crosslinkers, molecularly 
imprinted polymers were prepared using the non-covalent approach (monomers derived from L-
glutamic were not obtained in sufficient yields).  As a measurement of the imprinting effect in 
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MIPs prepared with the new functionalized crosslinking monomers, chiral differentiation of an 
enantiomeric pair was selected.  
 This property was chosen because all physical properties of enantiomers are the same 
except for the three-dimensional arrangement of atoms in space.  Molecularly imprinted 
polymers were prepared photochemically using monomers NOS, NOAA, and NAA as the 
interactive functional component, EGDMA as the complementary crosslinker, and AIBN as the 
initiator.  The S enantiomer of nicotine was chosen as the template because it has one chiral 
center for enantioselectivity evaluation and two amine functional groups that provide binding 
interactions with the functional monomers.  The template was removed by soxhlet extraction 
with methanol, and splitting off of the template was determined by 1H NMR being in the 90-95% 
range for all MIPs made. 
 
2.6 Binding Studies 
Molecularly imprinted polymers were evaluated using the chromatographic method.  
Once synthesized, the imprinted polymers were ground to a particle size 20-25 µm, packed into 
stainless steel columns and evaluated by HPLC.  HPLC retention values were normalized to 
capacity factors (k') for elution of both enantiomers, and the enantioselectivity was evaluated by 
comparison of separation factors, α (α =  k'S/k'R).  Table 2.1 shows the separation factors for the 
imprinted polymers synthesized.  The results reveal improved binding affinity for MIPs made 
using each of the new crosslinkers, versus the traditionally formulated MIP incorporating MAA 
as the functional monomer.  However, improved selectivity was observed only for the MIP using 
the crosslinking functional monomer NOS, which showed the highest α value.  To test the 
hypothesis that combining fuctionality and crosslinking was a factor responsible for the 
improved behavior by the NOS, MIPs formulated with different ratios of monomer/crosslinking  
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Table 2.1.  Binding studies for MIPs imprinted with S-nicotine and formulated using the new 
crosslinking functional monomers.a 
 
Entry 
Functional 
Monomer 
 
Polymer 
tS 
(avg) 
min 
tR 
(avg) 
min 
 
k′S 
 
k′R 
 
α 
 
1 
HN
O
O
OH
O
 
NAA, 2.3 
Non Imprinted 
Imprinted 
0.63 
1.05 
0.63 
1.02 
1.03 
2.39 
1.03 
2.29 
1.00 
1.04 
 
2 
N
H
O
O
HO
O
O
 
NOAA, 2.2 
Non Imprinted 
Imprinted 
0.88 
1.42 
0.88 
1.34 
1.75 
3.58 
1.75 
3.32 
1.00 
1.08 
 
3 
O
OH 
MAA, 2.10 
Non Imprinted 
Imprinted 
0.51 
0.68 
0.51 
0.58 
0.28 
0.7 
0.28 
0.45 
1.00 
1.56 
 
4 
HN
O
HO
O
O
O
 
NOS, 2.1 
Non Imprinted 
Imprinted 
1.88 
15.9 
1.86 
8.6 
3.7 
41.97 
3.65 
22.24 
1.01 
1.89 
a HPLC conditions: particle size: 20-25 µm; column size: 75 mm length, 2.1 mm id.; mobile 
phase =  MeCN/HOAc 97/3; flow rate = 1 mL/min; analytes: 1 mM (S)-nicotine, 1 mM (R)-
nicotine, and acetone (used to determine dead volume); wavelength: 262 nm; injected volume: 5 
µL. 
 
monomer (NOS/EGDMA) and S-nicotine as the template were synthesized and their 
performance compared to similar MIPs formulated with MAA/EGDMA. The results shown in 
Table 2.2 (and figure 2.2), indicate that the MIPs formulated with NOS (entries 3, 5, and 7) show 
improved binding affinity and selectivity as compared to those formulated with MAA (entries 2, 
4, and 6).  The effect on selectivity is clearly seen in figure 2.2 where both compounds reach  
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Table 2.2.  Chromatographic results for MIPs imprinted with S-nicotine and formulated with 
different functional monomer/crosslinking monomer ratios.a 
Entry Functional 
Monomer 
Functional 
Monomer/Cross-
linker Monomer 
Ratio 
tS 
(avg) 
min 
tR 
(avg) 
min 
k′S k′R α 
1 Noneb 0 0.63 0.62 0.57 0.55 1.03 
2 MAAc 1/9 0.68 0.58 0.70 0.45 1.56 
3 NOSc 1/9 15.9 8.60 41.97 22.24 1.89 
4 MAAd 1/3 1.78 1.35 3.45 2.40 1.44 
5 NOSd 1/3 122.5 64.67 339.28 178.64 1.89 
6 MAAe 1/1 0.66 0.61 0.57 0.45 1.26 
7 NOSe 1/1 23.55 15.56 59.38 38.89 1.53 
a HPLC conditions: particle size: 20-25 µm; column size: 100 mm length, 2.1 mm id.; flow rate 1 
mL/min; analytes: 1 mM (S)-nicotine, 1 mM (R)-nicotine, and acetone (used to determine dead 
volume); wavelength: 262 nm; injected volume: 5 µL.  b Mobile phase = MeCN.  c Mobile phase 
= MeCN/HOAc 97/3.  d Mobile phase = MeCN/HOAc 95/5.  e Mobile phase = MeCN/HOAc 
85/15. 
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Figure 2.3.  Enantioselectivity of MIPs imprinted with S-nicotine as a function of the amount of 
the functional monomer. 
 
their maximum selectivity initially at 10% functional monomer, after which NOS remains 
constant up to 25 mol % then decreases at a higher ratios of NOS/EGDMA.  In contrast, MIPs 
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formulated with MAA show a decrease in selectivity after reaching the maximum at 10 mol % 
MAA.  The behavior observed for MIPs in this study, is in agreement with studies published by 
Wulff,2.2 who established that the selectivity in MIPs increases with increase in the degree of 
crosslinking. 
 
2.7 Structural Determinants for Enhanced Binding by NOS 
The improved performance observed for the functional crosslinker NOS over the 
aspartic-acid-based monomers prompted an investigation into the structural determinants 
responsible for the  good binding and selective behavior.  One of the questions to be addressed 
by this study is whether the improved performance of NOS was due to the crosslinking nature of 
this monomer or to a combination of functional group interactions found in the monomer.  As 
shown in scheme 2.10, NOS structure can be broken into two different substructures that could 
contribute differently to the imprinting process.  
In order to determine key elements of NOS structure leading to selective MIPs, a 
quantitative structure-selectivity relationship (QSSR) study was carried out, by synthesizing 
substructures 2.6 and 2.9.  Compounds 2.7 and 2.8 (figure 2.4), homolog monomers of 2.6 and 
2.9 respectively were also included in this study. Molecularly imprinted polymers were 
imprinted as before using S-nicotine as the template with DMF as the porogen, which was 
needed to solubilize monomers 2.6 and 2.7.   
Binding studies were carried out by HPLC for imprinted and non-imprinted polymers 
formulated with monomers in scheme 2.10 and figure 2.3 versus MAA.  A screening of different 
acetonitrile/acetic acid mixtures, gave acetonitrile/acetic acid 98/2 as the mobile phase with the 
best results in all cases. 
 61
Scheme 2.9.  NOS Substructures 
N
H
O
O
OH
O
O
N
H
O
OH
O
N
H
O
O
OH
O
O
O
O
OH
O
Breaking -C-C- bond
Breaking -N-C- bond
NOS, 2.1
NOS, 2.1
2.6
2.9  
 
O
N
H
O
OH
O
O
O
OH
2.7 2.8  
Figure 2.4.  Homolog monomers. 
 
The results of the binding studies in table 2.3 show that the non-crosslinking monomers 
as a whole exhibit poor selectivity, even if binding (k') values were strong.  There also appeared 
to be significant improvement in binding affinity (entries 3 and 5, table 2.3), but not selectivity, 
by monomers that have the shorter distance between the polymerizable double bond and the 
carboxylic acid functionality.  This supports the assumption that reduced conformational energy 
afforded by the crosslinking functional monomer improves molecular recognition in MIPs.  A 
primary reason for this is that crosslinking tethers the functional group covalently to the matrix 
in two places, greatly reducing conformational entropy of monomer motion.  Consequently, this 
reduces the conformational flexibility of the pendant functional group, which creates a more 
stable interaction with the template. 
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Table 2.3.  Chromatographic results for MIPs formulated with NOS and functional monomer 
analogs and imprinted with S-nicotine.a 
Entry Functional 
Monomer 
Polymer k′S k′R α 
1 O
OH 
2.10 
Non-imprinted 
Imprinted 
0.25 
0.30 
0.23 
0.27 
1.09 
1.11 
2 
O
H
N
O
O
O OH  
2.1 
Non-imprinted 
Imprinted 
0.77 
8.05 
0.70 
3.14 
1.10 
2.56 
3 O
N
H O
OH
 
2.6 
Non-imprinted 
Imprinted 
3.13 
1.95 
2.95 
1.72 
1.06 
1.13 
4 O N
H
O
OH 
2.7 
Non-imprinted 
Imprinted 
0.32 
0.26 
0.29 
0.24 
1.10 
1.08 
5 O
O
O
OH
 
2.8 
Non-imprinted 
Imprinted 
6.46 
9.30 
6.51 
8.86 
1.00 
1.05 
6 O O
O
OH 
2.9 
Non-imprinted 
Imprinted 
3.21 
2.08 
3.03 
1.73 
1.06 
1.2 
a HPLC conditions: particle size: 20-25 µm; column size: 100 mm length, 2.1 mm i.d.; mobile 
phase: MeCN/HOAc = 98/2; flow rate = 1 mL/min; analytes: 0.1 mM (S)-nicotine, 0.1 mM (R)-
nicotine, and acetone (used to determine dead volume); wavelength: 262 nm; injected volume: 5 
µL 
 
In addition to the QSSR study, computer models of the crosslinking monomers were 
investigated in a complementary approach to determine which structural determinants (in 
addition to crosslinking) of NOS are responsible for its improved performance.  Conformational 
analyses for monomers 2.1-2.3 and 2.6-2.9 were carried out using the software package SYBYL 
6.6 (Tripos, St. Louis, USA).  The Gasteiger-Hückel computational method was initially used 
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and then refined using molecular mechanics applying an energy minimization with the 
“maxmin” command.  Energy minimized structures for crosslinking functional monomers 2.2 
and 2.3 (Figure 2.5) show that these monomers adopt linear conformations for both the backbone 
of the crosslinker as well as the pendant chain with the carboxylic group.  This implies that 
binding groups are not restrained exhibiting different degrees of freedom as a result of rotational 
energy.  The conformational entropy associated with the binding group reduces the selective 
interactions with the template, giving as a result MIPs with reduced selectivity.  This is 
supported by the experimental results shown in entries 1 and 2 in Table 2.1, which have low 
separation factors. 
 
Figure 2.5.  Energy minimized conformations for NOAA and NAA. 
 
On the other hand, the energy minimized structure for NOS (2.1) shown in figure 2.6 
indicates that the backbone of this monomer adopts a bend conformation with additional 
stabilization by the formation of an intramolecular hydrogen bond between the N-H of the 
methacrylamide group and the carbonyl of the methacrylate group.  The hydrogen bond 
stabilized bend conformation in 2.1 reduces the conformational entropy of the carboxylate 
binding group, which enhances selectivity for the template molecule as reflected in the larger  
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Figure 2.6.  Energy minimized conformation for NOS. 
 
separation factor shown in entry 4 of Table 2.1.  Modeling the non-crosslinking substructures of 
NOS supported the findings presented above.  For example, conformational analysis for the non-
crosslinking monomer 2.6 (Figure 2.7) revealed an intramolecular hydrogen bond between the 
carbonyl of the amide group and the hydroxyl of the carboxylic acid that reduces the number of 
conformational states this monomer adopts.  However, even though selectivity is expected to be 
increased by the reduction in conformational entropy, the fact that the hydrogen bond is made 
directly to the binding functional group reduces the ability of this functional group to bind the 
template leading instead to poor selectivity.  Monomer 2.9 was found to maintain a straight-chain 
model, where the negative entropic effects associated with the flexible chain between the 
polymerizable end and the functional group reduces selectivity by the MIP. In the case of 
homolog monomers 2.7 and 2.8, linear conformations were obtained for both of them (figure 
2.8).  This finding supports the low binding affinity afforded by monomer 2.7 (entry 4) as a 
result of the entropic effect associated with the conformational flexibility of the chain containing 
the carboxylate binding group.   
       In the case of monomer 2.8, reduction on the size chain and the absence of 
intramolecular hydrogen bonding between the binding group and the ester functionality, may 
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promote more positive interactions with the template, which is reflected in the improved binding 
affinity provided by this monomer (entry 5, table 2.3). 
 
 
Figure 2.7.  Energy minimized conformations for non-crosslinking monomers. 
 
 
 
Figure 2.8.  Energy minimized conformations for homolog monomers. 
 
2.8 Selectivity Enhancement and Chiral Influence by NOS Functionalized MIPs Using  
Different Templates 
 
The generality of improved selectivity found for MIPs using the NOS functional 
crosslinker was explored by imprinting several other templates.  Six polymers were imprinted 
using each enantiomer of 1-napthylethylamine (2.42 and 2.43), tryptophan methyl ester (2.44 and 
2.45), and 1,2-diphenylethylenediamine (2.46 and 2.47), shown in Figure 2.9.  Each of these 
polymers was compared to a traditional MIP imprinted with the same templates, but using MAA 
as the functional monomer.  Binding (k') and selectivity (α) data were again evaluated and the 
results are shown in table 2.4.  In general, improved performance of MIPs using NOS/EGDMA 
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over MIPs formulated with MAA/EGDMA was obtained.  In contrast to the achiral MAA, 
differences in selectivity were observed for each enantiomeric pair imprinted using NOS.  This 
effect was attributed to the chiral nature of the binding group in NOS; implying that either one 
diastereomeric complex is preferred in the pre-polymer complex solution, or one of the 
diastereomeric complexes has a conformation that affords a structurally more defined binding  
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Figure 2.9.  Template molecules used to evaluate scope of NOS functionalized MIPs. 
 
site in the MIP.  Another important feature of MIPs formulated with NOS is that almost 
complete base resolution for a racemic mixture of each enatiomeric pair was obtained.  The only 
exception was the MIP imprinted with D-tryptophan methyl ester, which gave low selectivity for 
the imprinted template (entry 4, table 2.4).  On the other hand, MIPs formulated with MAA did 
not give or show poor base line resolution.  Examples of these chromatograms are shown in 
figures 2.10 and 2.11.  In summary, the three examples presented here show that the chiral nature 
of the NOS monomer often improves the performance of imprinted polymers; although no 
general trend was observed. 
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Table 2.4. Chromatographic evaluation of MIPs using NOS as the functional monomer and 
imprinted with different templates.a 
Entry Template Mobile Phase Polymer Functional 
Monomer 
    MAA 
α 
NOS 
α 
1 
NH2 
2.42 
MeCN/HOAc 
97/3 
Non Imprinted 
Imprinted 
1.00 
1.08 
0.99 
2.69 
2 
NH2 
2.43 
MeCN/HOAc 
97/3 
Non Imprinted 
Imprinted 
1.00 
1.00 
0.99 
2.26 
3 
NH2
N
H
O
O
 
2.44 
MeCN/HOAc 
97/3 
Non Imprinted 
Imprinted 
1.00 
1.65 
1.00 
2.78 
4 
NH2
N
H
O
O
 
2.45 
MeCN/HOAc 
97/3 
Non Imprinted 
Imprinted 
1.00 
1.56 
1.00 
1.31 
5 H2N
NH2
 
2.46 
MeCN/HOAc 
90/10 
Non Imprinted 
Imprinted 
1.00 
1.84 
1.00 
4.65 
6 H2N
NH2
 
2.47 
MeCN/HOAc 
90/10 
Non Imprinted 
Imprinted 
1.00 
1.95 
1.00 
2.07 
a HPLC conditions: particle size: 20-25 µm; column size: 100 mm length, 2.1 mm id.; flow rate 
1.0 mL/min.; injected volume 5 µL; wavelength detection: 260 nm for naphtyl ethyl amine, 250 
nm for tryptophan methyl ester, and 260 nm for diphenylethylamine. 
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Figure 2.10.  Elution profile for imprinted polymers with L-tryptophan methyl ester. a) 
Imprinted polymer with MAA as the functional monomer, b) Imprinted polymer with NOS as 
the functional monomer.  Peak 1:  D-tryptophan methyl ester; peak 2: L-tryptophan methyl ester.  
Mobile phase: MeCN/HOAc 97/3, flow rate: 1mL/min, wavelength detection: 260 nm, injected 
volume: 5 µL. 
 
 
Figure 2.11.  Elution profile for imprinted polymers with (1S,2S)-(-)1,2-
diphenylethylendiamine. a) Imprinted polymer with MAA as the functional monomer, b) 
Imprinted polymer with NOS as the functional monomer.  Peak 1: (1R,2R)-(-)1,2-
diphenylethylendiamine; Peak 2: (1S,2S)-(-)-1,2-diphenylethylendiamine.  Mobile phase: 
MeCN/HOAc 90/10, flow rate: 1mL/min, wavelength detection: 260 nm, injected volume: 5µL.
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2.9 Conclusions 
A new strategy for monomer design for non-covalently imprinted polymers has been 
shown to be successful for improving molecularly imprinted materials.  Quantitative structure-
selectivity relationship studies have verified a key improvement to monomer design in these 
studies was to provide the template-interactive functional group in a crosslinking monomer 
format.  The origins of the improved selectivity were attributed to: 
1. Maximization of the degree of crosslinking without imposing restrictions on functional 
group concentrations. 
2. Covalently tethering of the functional group to the binding site matrix reduces 
conformational entropy, thereby increasing specific binding.  This is supported by the 
low selectivity observed in MIPs formulated with the monomers based on aspartic acid, 
where higher conformational entropy is associated with the binding group. 
3. Because of the chiral nature of NOS, a strong influence of NOS diastereomeric 
complexes on MIP selectivity was discovered; however, no general trends on 
performance were found. 
 
2.10 Future Work 
• Imprinting of R-(+)-nicotine using the new functionalized crosslinking monomers 
derived from L-serine and L-aspartic acid, in order to determine chiral influence as well 
as the entropic effect associated with binding interactions. 
• Synthesis of MIPs formulated with NOS and hybrid crosslinking monomers (e.g. NAG 
and NOBE) and evaluation of binding properties. 
• Synthesize a library of functionalized crosslinking monomers derived from natural amino 
acids to determine their binding properties. 
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2.11 Experimental 
Materials. Unless otherwise indicated, chemicals were purchased from Aldrich and used 
without further purification. Solvents were obtained from commercial suppliers and used as is. 
THF was dried by refluxing over K; followed by distillation. CH2Cl2 was dried by refluxing over 
CaH2 followed by distillation.  Reactions under anhydrous conditions were performed in dry 
glassware under N2 atmosphere.  Reactions were monitored by thin-layer chromatography using 
0.25 mm Macherey Nagel Silicagel Glass Plates (60F-254), fractions being visualized by UV 
light, iodine, or by staining with molybdophosphoric acid with subsequent heating.  Column 
chromatography was carried out with flash silica gel, 32-63 µm from Science Adsorbents Inc. 
Measurements.  1H NMR and 13C NMR were measured in CDCl3 unless otherwise 
indicated on a Bruker DPX-250 Spectrometer.  Chemical shifts (δ) are given in ppm relative to 
CDCl3 (7.24 ppm, 1H; 77.00 ppm, 13C) unless otherwise indicated.  FT-IR spectra were obtained 
as neat samples on a Nicolet AVATAR 320 FT-IR unless otherwise indicated.  High-resolution 
mass spectra (HRMS) were obtained on a Finnigan MAT900 double sector instrument, under 
fast atom bombardent (FAB, liquid sims) ionization or electrospray ionization (EI).  Imprinted 
polymerization was performed in a photochemical turntable reactor (ACE Glass Inc.), which was 
immersed in a constant temperature bath.  A standard laboratory UV light source (a Canrad-
Hanovia medium pressure 450 W mercury arc lamp) jacketed in a borosilicate double-walled 
immersion well was placed at the center of the turntable.   HPLC columns were packed using a 
Beckman 1108 Solvent Delivery Module, into stainless steel columns (length, 100 mm, i.d. 2.1 
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mm) to full volume for chromatographic experiments. HPLC analyses were performed 
isocratically at room temperature (21°C) using a Hitachi L-7100 pump with a Hitachi L-7400 
detector. 
N,O-bismethacryloyl, L-Serine α-Methyl Ester (2.12):  L-serine α-methyl ester 
hydrochloride (0.467g, 3 mmol) was dissolved in DCM (15 mL) and cooled to 0 °C, followed by 
dropwise addition of Et3N (0.607g, 6 mmol).  In another flask methacrylic acid (0.517g, 6 mmol) 
and DMAP (0.0733g, 0.6 mmol) were dissolved in DCM (30 mL), the resulting solution was 
cooled at 0°C.  To this flask, the hydrochloride solution was added in one portion.  After five 
min, DCC (1.238g, 6 mmol) was added to the cooled solution at 0°C and stirred additional 30 
min.  After this period, the temperature was allowed to rise to room temperature and the reaction 
mixture was stirred five days.  The DCU was filtered and the organic phase was extracted with 
0.5 M NaHCO3 (2 x 15 mL), 0.5 M sodium citrate (2 x 15 mL), dried over MgSO4 and the 
solvent evaporated under vacuum giving an orange oil.  The product was isolated as a yellow oil 
by flash chromatography using EtOAc/hexanes: 50/50 in 71% yield.  1H NMR (CDCl3, 250 
MHz): δ 6.67-6.70 (1H, d, J = 7.58 Hz), 5.99 (1H, d, J = 0.95 Hz), 5.68 (1H, d, J = 0.95 Hz), 
5.50 (1H, d, J = 1.58 Hz), 5.30 (1H, d, J = 0.95), 4.80-4.87 (1H, m), 4.41-4.43 (2H, dd, J = 4.10, 
1.42 Hz), 3.69 (3H, s), 1.88 (3H, s), 1.82 (3H, s).  13C NMR (CDCl3, 62.5 MHz): δ 170.35, 
168.31, 167.24, 139.56, 135.90, 126.84, 120.92, 64.31, 53.14, 52.41, 18.75, 18.47.  IR: 3337.66, 
2956.58, 1724.14, 1663.26, 1625.90, 1522.48, 1162.74, 1018.98, 943.15.  HRMS (FAB) (M+) 
calcd. 255.1107, found 255.1107. 
N,O-bismethacryloyl, L-Serine (2.1):  In a 100 mL amber bottle with cap, N,O-
bismethacryloyl, L-serine α-methyl ester, 2.12 (0.334g, 1.3 mmol) was dissolved in acetone (5 
mL) followed by the addition of 40 mL of 0.1 M phosphate buffer of pH 7.5.  To this mixture 
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Porcine Pancreatic Lipase, EC 3.1.1.3 (100 mg) was added.  The mixture was sonicated for 1 
min, and then shaken for 72 h at room temperature.  The reaction mixture was acidified to pH 3.0 
with 1.0 M HCl.  The aqueous phase was extracted with EtOAc (3 x 20 mL), and the combined 
organic extracts were washed with water (2 x 20 mL).  The organic phase was dried over MgSO4 
and the solvent evaporated under vacuum to give a yellow oil.  The product was isolated by flash 
chromatography using only EtOAc to give an isolated yield of 62 %.  1H NMR (CDCl3, 250 
MHz): δ 10.68(1H, s, broad), 6.87-6.90 (1H, d, J = 7.35 Hz), 6.04-6.05 (1H, d, J = 0.99 Hz), 
5.74-5.75 (1H, d, J = 0.79 Hz), 5.54-5.55 (1H, d, J = 1.54 Hz), 5.37-5.38 (1H, d, J = 0.79 Hz), 
4.85-4.91 (1H, m), 4.51-4.52 (2H, dd, J = 3.95, 1.26 Hz), 1.91 (3H, s), 1.85 (3H, s). 13C NMR 
(CDCl3, 62.5MHz): δ 172.47, 169.32, 167.70, 139.02, 135.90, 127.20, 122.11, 76.09, 64.31, 
52.87, 30.71, 18.73, 18.57. IR: 3366.15, 2958.72, 1718.42, 1658.39, 1619.96, 1542.53, 1165.28, 
1020.30, 943.78.  HRMS (FAB) (M + H+) calcd. 242.1095, found 242.1036. 
N-Boc-L-Aspartol β-Benzyl Ester (2.14).  To a stirred solution of the N-protected 
aminoacid 2.13 (0.969g, 3 mmol) in dry THF (15 mL) at –10 ºC, N-methylmorpholine (0.334g, 
3.3 mmol) was added followed by isobutyl chloroformate (0.451g, 3.3 mmol).  After 10 min. 
NaBH4 (0.34g, 9 mmol) was added in one portion.  Then dry MeOH (30 mL) was added 
dropwise to the mixture over a period of 10 min at 0°C.  The solution was stirred for additional 
10 min and then neutralized with 1N HCl (6 mL).  The organic solvents were evaporated under 
reduced pressure and the product was extracted with EtOAc (3 x 21 mL).  The organic phase was 
washed with 1N HCl (12 mL), H2O (30 mL), 5% NaHCO3 (15 mL), and H2O (2 x 30 mL), dried 
over MgSO4, and the solvent evaporated under reduced pressure.  A colorless oil was obtained, 
this was dissolved in EtOAc (15 mL) and then hexane (200 mL) was added.  The mixture was let 
to stand at 0°C overnight to allow crystallization.  White needles were formed and washed with 
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hexane. Yield 95%.  ee > 98%.  Enantiomeric excess was determined by HPLC using a normal 
phase Chiralpak AD column, Hexanes/Isopropanol 90/10, 1 mL/min, at 250 nm.  m.p. 62-63.8 
°C [α]D25 –6.0 (c = 1, MeOH); lit.13e [α]D – 6.0 (c = 1, MeOH).  1H NMR (CDCl3, 250 MHz): δ 
7.33 (5H, s). 5.28 (1H, s), 5.11 (2H s,), 4.00 (1H s,), 3.64 (2H, d, J  = 4.73 Hz), 2.88 (1H, s), 2.64 
(2H, d, J =  6.16 Hz), 1.42 (9H s,).  13C NMR (CDCl3, 62.5 MHz): δ  172.06, 156.23, 135.99, 
129.02, 128.76, 128.66, 80.29, 67.05, 64.77, 49.87, 36.47, 28.76.  FT-IR: 3408.7, 3378.7, 
2977.5, 1715.2, 1694.8, 1505.6, 1393.0, 1366.8, 1283.8, 1250.5, 1168.7, 1060.6, 749.9, 698.0.  
MS (FAB) (M + H+) calcd. 310.16, found 310.10.  Anal. Calcd. for C16H23NO5, C , 62.12; H, 
7.49; N, 4.53.  Found: C, 61.72; H, 7.39; N, 4.41.  
L-Amino Butyrolactone Hydrochloride (2.15).  The amino alcohol 2.14 (1.26g, 4 
mmol) was treated with 40 mL of 2M HCl in ethyl ether. The temperature was kept at 0 °C/6 h 
and then it was increased to room temperature and the reaction mixture was stirred for additional 
18 h. The excess of HCl and ether was evaporated first under a stream of N2 and then under 
vacuum. The residue a white solid was filtered out, washed with ethyl ether (3 x 20 mL), and 
dried at room temperature.  Yield 98%;. mp 182-184 °C.  [α]D25 – 59.3 (c = 1, H2O); lit.11 [α]D20 
+ 56.7 (c = 1, H2O) (R) form.  1H NMR [(CD3)2SO, 250 MHz]: δ  8.76 (3H, s). 4.5 (1H, dd, J  = 
10.425 Hz, 6.634 Hz), 4.36 (1H, dd, J = 10.425 Hz, 2.685 Hz), 4.10 (1H, m), 3.0 (1H, dd, J = 
18.323, J 8.53 Hz), 2.50-2.64 (1H, dd, J  = 18.323 Hz, 3.159 Hz).  13C NMR [(CD3)2SO, 62.5 
MHz]: δ  175.39, 71.05, 41.19, 33.42.  FT-IR (KBr disk) 3530.6, 2958.8 (broad), 1772.1, 1612.3, 
1564.3, 1498, 1405.7, 1384.2, 1364.6, 1317.7, 1268.3, 1159.2, 1116.8, 1066, 1019.2, 982, 899.6, 
848.1, 668.1.  MS (FAB) (M + H+) calcd. 102.1, found 102.1.  Anal. Calcd. for C4H8ClNO2: C, 
34.92; H, 5.86; N, 10.18; Cl, 25.77.  Found, C, 34.99; H, 5.62; N, 10.08; Cl, 25.12. 
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L-Aspartol β-Methyl Ester Hydrochloride (2.16).  To the lactone 2.15 (0.344g, 2.5 
mmol) was added an anhydrous solution of 2N HCl/MeOH (10 mL).  The mixture was refluxed 
24 h.  The excess of HCl and MeOH were evaporated first under a stream of N2 and then under 
vacuum.  The residue, a white and sticky solid, was washed with ether (3 x 20 mL) and then 
dried under vacuum, yield 90%.  1H NMR [(CD3)2SO, 250 MHz]: δ 8.26 (3H, s). 4.06 (1H, m), 
3.53 (2H, m), 3.62 (3H, s), 3.14 (2H, s).  13C NMR [(CD3)2SO, 62.5 MHz]: δ  172.05, 61.97, 
50.92, 48.15, 34.99. IR 3566, 3447 (broad), 1734, 1208.5, 1055.4.  HRMS (FAB) (M+) calcd. 
133.0739, found 133.0742.  
N,O-bismethacryloyl L-Aspartic Acid β-Methyl Ester (2.17).  In a round bottom flask 
the amino alcohol hydrochloride 2.16, (0.508g, 3 mmol) was dissolved in DCM (15 mL) and 
then cooled at 0°C in a salt ice bath; after that the solution was neutralized with Et3N and then 
more Et3N (0.303g, 3 mmol) was added drpowise.  In a second round bottom flask methacrylic 
acid (0.516g, 6 mmol) and DMAP (0.088g, 0.72 mmol) were dissolved in DCM (30 mL).  The 
resulting solution was cooled at 0 °C, and then the amino alcohol basic solution was added.  
After 5 min, DCC (1.486g, 7.2 mmol) was added to the cooled solution, and stirring was kept for 
30 min. more at 0 °C.  The temperature was allowed to rise to room temperature and the reaction 
mixture was stirred for 5 days. The solvent was evaporated under vacuum, and the residue was 
recovered with EtOAc (50 mL).  DCU was filtered, washed with EtOAc (2 x 25 mL) and the 
organic phase was extracted with 0.5 M NaHCO3 (2 x 15 mL), 0.5 M sodium citrate (2 x 15 mL) 
dried over MgSO4 and the solvent evaporated under vacuum, giving a yellow-orange oil.  The 
target product was isolated by flash chromatography using EtOAc/hexane 50:50, EtOAc 100%. 
Yield 42%.  1H NMR (CDCl3, 250 MHz): δ  6.77 (1H, d, J = 7.741 Hz), 6.05 (1H, t, J = 1.942 
Hz, 0.948 Hz,), 5.65 (1H, d, J  = 0.948 Hz), 5.54 (1H, t, J = 1.580 Hz), 5.29 (1H, t, J = 1.580 Hz, 
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0.948 Hz, 1.580 Hz), 4.57 (1H, m), 4.19 (2H,m), 3.63 (3H, s), 2.62 (2H, m), 1.89 (3H, s), 1.86 
(3H, s).  13C NMR (CDCl3, 62.5 MHz): δ  172.163, 168.190, 167.610, 139.990, 136.147, 
126.717, 120.492, 65.414, 52.317, 45.819, 35.453, 18.859, 18.653.  FT-IR: 3324, 2954.9, 
1722.8, 1661.1, 1624.3, 1530.7, 1437.2, 1296.6, 1166.13, 1036.1, 939.7, 813.6.  HRMS (FAB) 
(M + H+) calcd. 270.2937, found 270.2986.  
N,O-bismethacryloyl L-Aspartic Acid (2.2).  In a bottle with cap, ester 2.17, (0.457g, 
1.7 mmol) was dissolved in Acetone (5 mL) followed by the addition of pH 8.0, (0.1M) 
phosphates Buffer. To this mixture Porcine Liver Esterase, Sigma EC 3.1.1.1 (100 mg) was 
added. The mixture was sonicated 30 sec, and then shaked for 72 h at room temperature. The 
reaction mixture was acidified to pH 3 with 1N HCl. The aqueous phase was extracted with 
EtOAc (3 x 20 mL). The combined organic extracts were washed with water (2 x 20 mL). The 
organic phase was dried over MgSO4 and the solvent evaporated under vacuum giving a yellow 
oil. The product was isolated by flash chromatography with EtOAc 100%. in 62 % yield.  1H 
NMR (CDCl3, 250 MHz): δ  11.56 (1H s (broad)), 6.97 (1H, d, J = 8.53 Hz), 6.06 (1H, d, J = 
0.948 Hz), 5.68 (1H, s, J = 0.948 Hz), 5.54 (1H, t, J = 1.580 Hz, 1.542 Hz), 5.32 (1H, t, J = 
1.580 Hz,  0.948 Hz), 4.57 (1H, m), 4.15 (2H, m), 2.70 (2H, m), 1.88 (6H, s).  13C NMR (CDCl3, 
62.5 MHz): δ  175.33, 168.97, 167.85, 139.51, 136.06, 126.99, 121.35,  65.41, 44.95, 35.41, 
18.81, 18.63.  FT-IR: 3323.9 (broad), 2956.8, 1717.8, 1683.9, 1652.2, 1532.9, 1318.8, 1296.2, 
1165.1, 942.1, 813.4.  HRMS (FAB) (M + H+) calcd., 256.2671, found 256.0974. 
N-Boc-L-Aspartic Acid β-Methyl Ester N1-methoxy, N1-methyl Amide (2.19):  To a 
solution of the protected amino acid (2.18, 0.742g, 3 mmol) in DCM (11 mL) was added N-
methylmorpholine (0.668g, 6.6 mmol). The mixture was cooled to -15°C and 
isobutylchloroformate (0.451g, 3.3 mmol) was added, then stirred at -15°C for 15 min, followed 
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by addition of N,O-dimethyl hydroxyl amine hydrochloride (0.325g, 3.3 mmol).  The mixture 
was kept at –15 °C for an additional 1 h, then allowed to warm to room temperature and stirred 
for 24 h.  The reaction mixture was poured into water (11 mL), and the aqueous phase extracted 
with DCM (2 x 6 mL).  The combined organic extracts were dried over MgSO4, filtered and the 
solvent removed under vacuum to give pale yellow oil.  The product was isolated by flash 
chromatography using EtOAc/Hexane 50/50 to give a final yield of 98.0 %.  1H NMR (CDCl3, 
250 MHz): δ 5.36-5.39 (1H, d, J = 6.95 Hz), 4.96-4.98 (1H, m), 3.75 (3H, s), 3.62 (3H, s), 3.19 
(3H, s), 2.55-2.78 (2H, dd, J = 6.79, 5.52 Hz), 1.49 (9H, s).  13C NMR (CDCl3, 62.5 MHz): δ  
171.12, 155.43, 80.20, 62.02, 55.29, 48.08, 37.49, 32.76, 28.64.  FT-IR: 3327.24, 2977.50, 
1740.88, 1713.49, 1663.40, 1517.88, 1167.82, 1049.61, 989.21.  HRMS (FAB) (M + H+) 
calcd.291.1478, found 291.1556. 
L-Aspartic Acid β-Methyl Ester N1-methoxy, N1-methyl Amide Hydrochloride 
(2.20): Weinreb amide (2.19, 1.16g, 4mmol) was treated with 40 mL of 2M ethereal HCl.  The 
temperature was maintained at 0°C for 6h, before allowed to increase to room temperature and 
stirred for 18h.  The excess of ethereal HCl was evaporated under a stream of N2 and then under 
vacuum.  The white solid residue was filtered, washed with ethyl ether (3 x 20 mL), and dried at 
room temperature to give an 89% yield of product.  1H NMR [(CD3)2SO, 250 MHz]: δ 8.59 (3H, 
s), 4.38-4.43 (1H, m), 3.72 (3H, s), 3.61 (3H, s), 3.13 (3H, s), 2.77-2.94 (2H, d, J = 6.9 Hz).  13C 
NMR [(CD3)2SO, 62.5 MHz]: δ 170.15, 168.31, 62.41, 52.96, 49.39, 47.35, 35.37. FT-IR: 
3416.55, 2951.36, 1730.34, 1666.27, 1494.94, 1212.51, 988.08, 616.22.  HRMS (FAB) (M + H+) 
calcd. 191.0954, found 191.1154. 
L-Aspartic Acid β-Methyl Ester N-methacryloyl, N1-methoxy, N1-methyl Amide 
(2.21):  N-methoxy, N-methyl amide hydrochloride (2.20, 0.910 g, 4 mmol) was suspended in 5 
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mL of DCM, and the mixture neutralized using Et3N until pH 7-8 (a white precipitate was 
formed in this step).  The mixture was cooled to 0°C and another aliquot of Et3N added for a 
total of 20 mmol of Et3N in the reaction mixture, followed by dropwise addition of methacryloyl 
chloride (1.045g, 10 mmol).  The mixture was stirred at 0°C for 30 min, then the temperature 
allowed to rise to room temperature and stirring continued for 48h.  The reaction mixture was 
filtered and the filtrate washed with 0.5 M NaHCO3 (3 x 15 mL) and 0.5 M Sodium Citrate (3 x 
15 mL), dried over magnesium sulfate and evaporated under vacuum to leave a brown oil.  The 
compound was isolated by flash chromatography using EtOAc/Hexane: 60/40, followed by 
EtOAc 100%, to give a yellow-orange oil in 39% yield.  1H NMR (CDCl3, 250 MHz): δ 6.89-
6.92 (1H, d, J = 8.21 Hz). 5.66 (1H, s), 5.26 (1H, s), 5.15 (1H, m), 3.69 (3H, s), 3.54 (3H, s), 3.1 
(3H, s), 2.63-2.69 (2H, dd, J = 6.02, 5.84, Hz), 1.85 (3H, s).  13C NMR (CDCl3, 62.5MHz): δ 
171.06, 168.04, 139.59, 120.74, 61.96, 52.23, 46.79, 36.58, 32.58, 18.74.  FT-IR: 333.83, 
2953.69, 1739.36, 1655.33, 1623.80, 1526.06, 1438.21, 1175.38, 988.38.  HRMS (FAB) (M + 
H+) calcd. 259.2710, found 259.1287. 
N,α-bismethacryloyl, L-Aspartic Acid β-Methyl Ester (2.22):  L-aspartic acid β-
methyl ester N-methacryloyl, N-methoxy, N-methyl amide (2.21, 2.58g, 10 mmol) was dissolved 
in 10 mL of dry THF and cooled to -60°C under N2.  30 mL of 0.5 M isopropenyl magnesium 
bromide (15 mmol) were added dropwise over a period of 5 min, during which a pale yellow 
precipitate formed.  The mixture was stirred for 30 min at -60°C after complete addition of the 
Grignard reagent; then the mixture was brought to 0°C and stirred for another 30 min.  After this 
period, 7 mL of saturated NH4Cl solution cooled at 0°C was added to quench the reaction.  THF 
was removed under vacuum followed by addition of ethyl ether (30 mL), after which the phases 
were separated.  The organic layer was washed with H2O (2 x 15 mL) and brine (1 x 20 mL), 
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dried over MgSO4, filtered and concentrated under reduced pressure.  The residue, a pale yellow 
oil, was separated by flash chromatography with EtOAc/Hexane: 50/50 giving 44% yield of a 
yellow oil.  1H NMR (CDCl3, 250 MHz): δ 6.98-7.007 (1H, d, J = 6.79 Hz), 6.08 (1H, s), 5.86 
(1H, t, J = 1.42), 5.70 (1H, d, J = 0.79 Hz), 5.47-5.54 (1H, m), 5.33 (1H, d, J = 0.95 Hz), 3.62 
(3H, s), 2.66-2.87 (2H, dd, J = 5.37, 5.21 Hz), 1.91 (3H, s), 1.86 (3H, s). 13C NMR (CDCl3, 
62.5MHz): δ 198.21, 171.66, 167.79, 142.10, 139.66, 126.75, 120.89, 52.28, 50.18, 37.12, 18.76, 
18.21.  HRMS (FAB) (M+) calcd. 240.2677, found 240.1247 
N,α-bismethacryloyl, L-Aspartic Acid (2.3): Method A: Enzymatic Hydrolysis.  In a 
100 mL amber bottle with cap, N,α-bismethacryloyl, L-aspartic acid β-methyl ester (2.22, 
0.406g, 1.7 mmol) was dissolved in 5 mL acetone, followed by the addition of pH 8.0 (0.1M) 
phosphate buffer (40 mL).  To this mixture, Porcine Liver Esterase, EC 3.1.1.1 (119 mg) was 
added. The mixture was sonicated 1 min, and then shaken for 72 h at room temperature. The 
reaction mixture was acidified to pH 3.0 with 1N HCl.  The aqueous phase was extracted with 
EtOAc (3 x 20 mL). The combined organic extracts were washed with water (2 x 20 mL). The 
organic phase was dried over MgSO4 and the solvent evaporated under vacuum giving a yellow 
oil.  The product was isolated by flash chromatography with EtOAc 100 % to give a 55% yield.  
Method B:  Nucleophilic Dealkylation with Me3SiI.  Compound 2.22 (1.5 mmol) was 
dissolved in dry DCM (16 mL) under nitrogen atmosphere, and then Me3SiI (3 mmol) was added 
in one portion.  The reaction mixture was stirred at room temperature 48 h.  At the end of this 
period, water (50 mL) was added.  The reaction mixture was extracted with ethyl ether (2 x 25 
mL), 10% Na2S2O3 (1 x 25 mL), and saturated NaHCO3 (2 x 25 mL).  The NaHCO3 extracts are 
combined, acidified to pH 3 with 1N HCl, and extracted with EtOAc (3 x 20 mL).  The EtOAc 
extracts are combined, washed with water (2 x 20 mL), dried over MgSO4, and the solvent 
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evaporated under vacuum giving a yellow oil.  The product was isolated by flash 
chromatography with EtOAc 100 % to give a 48% yield.  1H NMR (CDCl3, 250 MHz): δ 9.27 
(1H, s, broad), 7.08-7.24 (1H, d, J = 7.58 Hz), 6.10 (1H, d, J = 0.79 Hz), 5.89 (1H, d, J = 1.42 
Hz), 5.75 (1H, d, J = 0.79 Hz), 5.50-5.57 (1H, m), 5.37 (1H, t, J = 0.95, 0.79 Hz), 2.70-2.91 (2H, 
dd, J = 5.21, 5.05 Hz), 1.93 (3H, s), 1.88 (3H, s). 13C NMR (CDCl3, 62.5MHz): δ 198.74, 
175.19, 168.41, 141.94, 139.28, 127.29, 121.74, 50.48, 37.67, 18.80. 18.32.  FT-IR (cm-1): 
3359.50, 2928.88, 1722.55, 1687.87. 1614.67, 1525.64, 1215.27, 940.79.  HRMS (FAB) (M+) 
calcd. 226.1001, found 226.1090. 
N-Boc-L-Glutamol γ-Benzyl Ester (2.24):  Compound 2.24 was isolated as white 
needles in 85 % yield following the same procedure as described for 2.14.  1H NMR (CDCl3, 250 
MHz): δ  7.28-7.38 (5H, s), 5.12 (2H, s), 3.53-3.65 (3H, m), 2.43-2.49 (2H, m), 2.30 (1H, broad 
band), 1.84-1.92 (2H, m), 1.42 (9H, s).  13C NMR (CDCl3, 62.5MHz): δ  173.95, 156.65, 136.17, 
129.015, 129.00, 128.672, 80.09, 66.907,  65.43, 52.64, 31.99, 31.29, 28.78.  FT-IR (cm-1):  
3345, 2979.0, 1725.38, 1683.28, 1521.89, 1454.35, 1391.90, 1367.78, 1292.53, 1250.43, 
1171.09, 1069.09, 748.46, 697.53.  HRMS (FAB) (M+) calcd., found. 
L-Glutamol γ-Methyl Ester Hydrochloride (2.27):  4 mmoles of the amino alcohol 
2.24 were treated with 40 mL of 2M HCl in ethyl ether.  The temperature was kept at 0 °C/6 h 
and then it was increased to room temperature and the reaction mixture was stirred for additional 
18 h.  The excess of HCl and ether was evaporated first under a stream of N2 and then under 
vacuum.  The residue (a white and sticky solid) under N2 was treated with anhydrous 4N 
HCl/MeOH (70 mL).  The mixture was refluxed 48 h.  The excess of HCl and MeOH was 
evaporated first under a stream of N2 and then under vacuum.  The residue a white and sticky 
solid was washed with ether (3 x 20 mL) and then dried under vacuum, yield 90%.  1H NMR 
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[(CD3)2SO, 250 MHz], 8.16 (3H, s), 4.04-4.07 (1H, m), 3.60 (3H, s), 3.45-3.48 (2H, m), 3.1 (1H, 
s); 3.16 (2H, s), 1.81 (2H).  13C NMR [(CD3)2SO, 62.5MHz]: δ 173.59, 61.14,  52.7,  49.4,  
30.16,  25.04. 
N,O-bismethacryloyl L-Glutamic γ-Methyl Ester (2.28):  Compound 2.28 was isolated 
as a yellow oil in a 18% yield following the same procedure as described for compound 2.17.  1H 
NMR (CDCl3, 250 MHz): δ 6.20-6.23(1H, d). 6.02-6.03 (1H, d,), 5.5.594 (1H, d), 5.50-5.51 (1H, 
t), 5.24-5.25 (1H, t), 4.05-4.28 (3H, m), 3.58 (3H, s), 2.25-2.44 (2H, m), 1.82-1.95 (8H, s). 13C 
NMR (CDCl3, 62.5MHz): δ 174.32, 168.66, 167.67, 140.14, 136.20, 126.56, 120.11, 66.26, 
52.13, 48.86, 30.92, 26.74, 18.93, 18.62. 
N,O-bismethacryloyl L-Glutamic Acid (2.4):  Compound 2.4 was isolated in 28% yield 
as a pale yellow oil using the same procedure as described for compound 2.2.  1H NMR (CDCl3, 
250 MHz): δ  9.6 (1H, broad s), 6.26-6.29 (1H, d), 90(8H, s), 6.085-6.088 (1H, d), 5.666-5.669 
(1H, d), 5.56-5.57 (1H, t), 5.31-5.32 (1H, d), 4.09-4.37 (3H, m), 2.41-2.52 (2H, m). 13C NMR 
(CDCl3, 62.5MHz): δ  178.04, 169.19, 167.95, 139.75, 136.14, 126.89, 120.89, 66.36, 49.05, 
31.00, 26.85, 18.92, 18.68.  FT-IR (cm-1):  3339.20, 2928.87, 1715.59, 1657.64, 1615.01, 
1538.05, 1454.85, 1322.42, 1297.60, 1170.56, 1035.87, 941.50, 814.47, 733.69, 648.98. 
N-Boc-L-Glutamic Acid γ-Methyl Ester N1-methoxy, N1-methyl Amide (2.30):   
Compound 2.30 was isolated as a colorless oil in 39% yield following the same procedure as 
described for compound 2.19.  1H NMR (CDCl3, 250 MHz): δ 7.29-7.35 (5H, m), 5.31-5.35 (1H, 
d), 5.11 (2H, s), 3.73 (3H, s), 3.14 (3H, s), 2.44-2.49 (2H, m), 2.03-2.20 (1H, m), 1.79-1.93 (2H, 
m), 1.42 (9H, s).   
L-Glutamic Acid γ-Benzyl Ester N-methacryloyl, N1-methoxy, N1-methyl Amide 
(2.32):  Compound 2.32 was isolated in 39% yield as a yellow oil following the same procedure 
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as described for compound 2.21. 1H NMR (CDCl3, 250 MHz): δ  7.27-7.32 (5H, m), 6.74-6.77 
(1H, d), 5.74 (1H, s), 5.32 (1H, s), 5.3-5.07 (3H, m), 3.74 (3H, s), 3.17 (3H, s), 2.41-2.48 (2H, 
m), 1.93-2.14 (2H, m), 1.93 (3H, s). 
N,α-bismethacryloyl, L-Glutamic Acid γ-Benzyl Ester (2.33):  Compound 2.33 was 
isolated in 13% yield as a yellow oil following the same procedure as described for compound 
2.22.  1H NMR (CDCl3, 250 MHz): δ  7.32-7.34 (5H, m), 6.74 (1H, d), 6.30-6.334 (1H, d), 5.99 
(1H, s), 5.76 (1H, s), 5.37 (2H, s), 4.65 (1H, m), 2.20-2.73 (4H, m), 1.98 (3H, s), 1.90 (3H, s). 
N-Methacryloyl Glycine (2.6):  Compound 2.6 was synthesized as a white powder in 
42% yield, following the protocol reported by Heilmann.2.13  1H NMR (MeOD, 250 MHz): δ 
5.60-5.61 (1H, t, J = 0.95 Hz), 5.24-5.25 (1H, t, J = 1.42 Hz), 4.77 (2H, s), 1.99 (3H, s), 13C 
NMR (MeOD, 62.5 MHz): δ 172.09, 170.35, 139.80, 120.12, 40.96, 17.64.  FT-IR: 3359.85, 
2983.28, 175.03, 1587.79, 1205.06, 1027.07, 960.75, 895.30.  HRMS (FAB)  (M+) calcd. 
144.0582, found 144.0665. 
N-Methacryloyl β-Alanine (2.7):  Compound 2.7 was isolated as white crystals in 42 % 
yield following the protocol reported by Heilman.2.13  1H NMR (CDCl3, 250 MHz): δ 10.73 (1H, 
s, broad), 7.26 (1H, s), 5.72 (1H, s), 5.33-5.34 (1H, t, J = 1.60 Hz), 3.54-3.60 (2H, q, J = 12.79, 
7.19 Hz), 2.38-2.50 (2H, t, J = 7.08 Hz), 1.82 (3H, s).  13C NMR (CDCl3, 62.5 MHz): δ 173.78, 
168.34, 140.66, 119.92, 36.01, 34.55, 19.39.  FT-IR: 3478.48, 2958.26, 1728.28, 1431.70, 
1372.24, 1225.04, 1094.79, 1014.10, 903.18, 747.89, 605.05.  HRMS (FAB) (M+) calcd. 
157.0739, found 157.0740. 
2-Methyl-acrylic Acid 2-Carboxy Methyl Ester (2.8):  Hydroxyethyl methacrylate 
(2.38, 3.904g, 30 mmol) and 250 mg of BHT were dissolved in acetone (38 mL) and the solution 
cooled to 5-10 ºC.  To the cooled solution, Jones reagent (24 mL) was added dropwise over a 
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period of 30 min, keeping the temperature between 5-10ºC.  Afterward, the solution was allowed 
to warm to room temperature and stirred for additional 30 minutes.  Then the reaction mixture 
was cooled at 10ºC, and excess Jones reagent was quenched by dropwise addition of 8 mL 
isopropanol.  75 mL of H2O was added to dissolve completely the solid formed, and the reaction 
mixture extracted with EtOAc (3 x 50 mL).  The organic phase was washed with water (1 x 60 
mL), brine (3 x 50 mL), dried over MgSO4, and the solvent evaporated under vacuum.  The 
target compound 2.8 was isolated as a white powder in a 50 % yield.  1H NMR (CDCl3, 250 
MHz): δ  9.98 (1H, broad). 6.2(1H, s), 5.65 (1H, s), 4.70 (2H, s), 1.92-1.96 (3H, s).  13C NMR 
(CDCl3, 62.5 MHz): δ  174.13, 167.01, 135.56, 127.65, 60.78, 18.62.  FT-IR: 3509.1, 2959.65, 
1718.77, 1635.46, 1423.99, 1321.74, 1301.20, 1159.25, 1054.59, 949.42, 813.99, 685.49.  
HRMS (FAB)  (M + H+) calcd. 145.0423, found 145.0465. 
Hydroxypropyl Methacrylate (2.40): A solution of 1,3-propanediol (2.39, 15.0g, 197 
mmol) and Et3N (33.1g, 45.6 mL, 327 mmol) in 200 mL of dry THF was cooled to 0ºC.  
Methacryloyl chloride (20.6g, 197 mmol) was added dropwise over a period of 1h with stirring, 
keeping the temperature between 0-3 ºC.  The reaction mixture was allowed to warm to 50ºC and 
kept at this temperature for 2 h.  After this period, the reaction mixture was cooled down and the 
precipitate filtered.  The solvent was evaporated under vacuum and the residue redissolved in 
EtOAc (150 mL).  The organic phase was washed with 0.5 M NaHCO3 (2 x 100 mL), 0.5 M 
Sodium Citrate (2 x 100 mL), dried over MgSO4, filtered and the solvent evaporated under 
vacuum.  The residue was purified by flash chromatography on silica gel sequentially using the 
eluents EtOAc/hexanes: 20/80, EtOAc/hexanes: 50/50 to give a colorless liquid (39% yield).  1H 
NMR (CDCl3, 250 MHz): δ 5.98-5.99 (1H, t, J = 1.60, 0.91 Hz), 5.44-5.46 (1H, t, J = 1.60 Hz), 
4.14-4.19 (2H, t, J = 6.17 Hz), 3.51-3.61 (2H, t, J = 6.17 Hz), 3.03 (1H, broad), 1.77-1.85 (5H, 
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m).  13C NMR (CDCl3, 62.5MHz): δ 168.12, 136.53, 126.03, 61.99, 59.23, 32.0, 18.4.  FT-IR: 
3419.3, 2961.11, 2929.92, 2890.13, 1716.47, 1636.78, 1454.14, 1322.62, 1298.62, 1173.11, 
1053, 944.66, 816.36.  HRMS (FAB)  (M + H+) calcd. 145.0786, found 145.0871. 
2-Methyl-acrylic Acid 2-Carboxy Ethyl Ester (2.9):  Hydroxypropyl methacrylate 
(2.40, 1.15g, 8 mmol) and 150 mg of BHT were dissolved in acetone (10 mL) and the solution 
cooled to 5-10 ºC.  To the cooled solution, Jones reagent (6.5 mL) was added dropwise over a 
period of 30 min, keeping the temperature between 5-10ºC.  Afterward, the solution was allowed 
to warm to room temperature and stirred for additional 30 minutes.  Then the reaction mixture 
was cooled at 10ºC, and excess Jones reagent was quenched by dropwise addition of 2 mL 
isopropanol.  25 mL of H2O was added to dissolve completely the solid formed, and the reaction 
mixture extracted with EtOAc (3 x 25 mL).  The organic phase was washed with water (1 x 30 
mL), brine (3 x 25 mL), dried over MgSO4, and the solvent evaporated under vacuum.  The 
target compound was isolated by flash chromatography on silica gel using EtOAc/hexanes: 50/50 
as eluent.  The target compound was obtained in a 47% yield as a pale yellow oil that crystallized 
upon standing.  1H NMR (CDCl3, 250 MHz): δ 10.49 (1H, broad), 6.04-6.05 (1H, t, J = 1.60, 
0.91 Hz), 5.51-5.53 (1H, t, J = 1.60 Hz), 4.34-4.39 (2H, t, J = 6.17 Hz), 2.67-2.70 (2H, t, J = 
6.17 Hz), 1.87-1.91 (3H, s).  13C NMR (CDCl3, 62.5MHz): δ 177.16, 167.62, 136.26, 126.5, 
60.16, 34.02, 18.58.  FT-IR: 3450, 2963.3, 1718.2, 1700.1, 1634.97, 1454.15, 1404.79, 1325.07, 
1300.43, 1166.68, 1023.63, 947.37, 814.56.  HRMS (FAB)  (M + H+) calcd. 159.0579, found 
159.0485. 
Polymer Preparation: Typical formulation:  in a 13 x 100 mm test tube, (0.0698g, 0.43 
mmol) of S-nicotine was dissolved in 2 mL of CHCl3.  To this solution were added (1.530g, 7.73 
mmol) of EGDMA, (0.206g, 0.86 mmol) of NOS, and (0.028g, 0.172 mmol) of AIBN.  The 
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solution was purged by bubbling nitrogen gas into the mixture for 5 min, then capped and sealed 
with teflon tape and parafilm.  The samples were inserted into a photochemical turntable reactor, 
which was immersed in a constant temperature bath.  A standard laboratory UV light source 
(medium pressure 450 W mercury arc lamp) jacketed in a borosilicate double-walled immersion 
well was placed at the center of the turntable.  The polymerization was initiated photochemically 
at 20°C and the temperature maintained by both the cooling jacket surrounding the lamp and the 
constant temperature bath holding the entire apparatus.  The polymerization was allowed to 
proceed for 10 h, then used for chromatographic experiments. 
Chromatographic Experiments.  Removal of the template was achieved by Soxhlet 
extraction with methanol for 48 h.  Then the polymers were ground using a mortar and pestle, the 
particles were sized using U.S.A. Standard Testing Sieves, and the fraction between 20-25 µm 
was collected.  The particles were slurry packed, using a solvent delivery module, into stainless 
steel columns (length, 75 or 100 mm; i.d., 2.1 mm) to full volume for chromatographic 
experiments.  The polymers were then washed on line overnight using MeCN/HOAc 90/10, at a 
flow rate of 0.1 mL/min to remove any residual template.  HPLC analyses were performed 
isocratically at room temperature (21°C).  The void volume was determined using acetone as an 
inert substrate.  The separation factors (α) were measured as the ratio of capacity factors k'L/ k'D.  
The capacity factors were determined by the relation k' = (Rv - Dv)/ Dv, where Rv is the retention 
volume of the substrate, and Dv is the void volume. 
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CHAPTER 3 
 
MOLECULAR RECOGNITION IN IMPRINTED POLYMERS USING A HYBRID 
CROSSLINKING MONOMER 
 
3.1 Introduction 
Traditionally, molecularly imprinted polymers (MIPs) are synthesized from a system that 
consists of a mixture template/functional monomer/crosslinker monomer in an appropriate 
solvent.  In this case, the functional monomer provides the functionality that interacts with the 
template molecule while the crosslinking monomer supplies the three-dimensional network that 
supports the binding sites formed after polymerization.3.1  This process usually requires the 
selection of the optimal functional monomer based on the structural characteristics of the 
template molecule and an empirical optimization of the functional monomer/crosslinking 
monomer ratio. 
In general, it is accepted that the role of the crosslinking monomer in molecularly 
imprinted polymers is relegated to providing a matrix that does not interact with the template, 
minimizing in this way the non-specific interactions.  The use of crosslinking monomers like 
DVB, EGDMA, and other acrylate derivatives have corroborated this theory.3.2  However, recent 
studies using hybrid crosslinking monomers that incorporate an amide functionality (NAG, 
NOBE, figure 3.1) to produce MIPs, have shown that materials with improved molecular 
recognition properties are obtained as a result of cooperative interactions between the 
crosslinker, the functional monomer and the template.3.3  
Based on these studies, it was envisioned that the amide functionality incorporated into 
the crosslinker NOBE could act as the functional group needed to bind a template molecule.  
Amide based functional monomers such as acrylamide,3.4 2,6-bis(acrylamido)pyridine,3.5 and a 
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L-valine derivative3.6 have been used in combination with EGDMA as the crosslinker monomer 
to produce MIPs with good selectivity for the imprinted molecules. 
 
N
H
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O
NAG, 3.1 NOBE, 3.2  
Figure 3.1.  Crosslinking monomers incorporating an amide functionality. 
 
  Since structural characteristics of NOBE include the amide functionality and two 
polymerizable groups, a new approach for imprinting polymerization was investigated.  In this 
new molecular imprinting approach (shown in scheme 3.1), the crosslinker NOBE provides both 
the amide functionality for binding the template molecule and the polymerizable groups to create 
the three-dimensional network around the template after polymerization.  Advantages of this 
approach center on the minimization of empirical optimization for MIPs formulation.  Thus, the 
contributions of this system at the molecular and macromolecular level for molecular 
recognition, and the performance in terms of binding and selectivity were evaluated. 
 
Scheme 3.1.  New Molecular Imprinting Approach 
 
 
3.2 Specific Goals 
 
The specific goals for this study were: 
• Evaluate the scope of binding and selectivity of molecularly imprinted polymers 
formulated with the crosslinking monomer NOBE. 
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• Evaluate molecular and macromolecular contributions of NOBE to the molecular 
recognition process. 
 
3.3 Selection of Templates  
The non-covalent approach in molecular imprinting is inspired by biological interactions 
in nature that are mainly mediated by non-covalent forces such as electrostatic interactions, 
hydrogen bond interactions, hydrophobic interactions, Van der Waals forces, etc.  In nature, the 
amide group plays an important role in determining recognition, geometry, and modes of 
association between biological molecules via hydrogen bonding interactions.  Relative strengths 
of hydrogen-bond formation indicate that the amide group can act as both donor and acceptor in 
the formation of moderated hydrogen bonds, which are formed generally by neutral donor and 
acceptor groups.  Considering these properties, a series of template molecules containing 
functionalities capable of interacting via hydrogen bonding with the amide group in the 
crosslinker NOBE were tested for imprinting performance.  These arrays of template molecules 
are shown in figures 3.2-3.4 and include carboxylic acids, alcohols, and amines.  Since 
enantiomeric recognition is one of the best and challenging tests to evaluate the performance of 
imprinted polymers, all template molecules chosen are chiral. 
 
3.4 Synthesis of Molecularly Imprinted Polymers 
The non-covalent approach was used to evaluate the scope of binding and selectivity of 
molecularly imprinted polymers formulated with the crosslinking monomer NOBE.  The 
template molecules shown in figures 3.2-3.3 are chiral, allowing for evaluation of 
enantioselectivity as a diagnostic of polymer performance.  The functional groups present in 
these templates provide necessary contacts for hydrogen-bonding interactions needed for the 
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complex formation prior to polymerization. For polymer synthesis, the templates were 
complexed via hydrogen bonds with the amide group in NOBE in acetonitrile and then 
polymerized using AIBN as the initiator. Photopolymerization at rt/10 h gave monoliths that 
were coarse ground, extracted with methanol/48 h in a soxhlet apparatus to remove the template, 
ground and sieved to a particle size 20-25 µm; and then used for chromatographic experiments 
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Figure 3.2.  Amino acid templates. 
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Figure 3.3  Alcohol templates. 
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Figure 3.4.  Amine templates. 
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As a comparison, MIPs using EGDMA as the functional and crosslinking elements were 
also prepared.  Control polymers were prepared under the same conditions but without the 
template molecule. 
 
3.5 Binding Studies 
The molecular recognition properties of MIPs formulated with NOBE and EGDMA were 
evaluated by HPLC under isocratic conditions at room temperature.  For chromatographic 
evaluation, it has been pointed out that the mobile phase should be chosen similar to the solvent 
used for the polymer preparation, in order to mimic the interactions existing prior to and during 
polymerization.3.7  Since acetonitrile was used as the polymerization solvent, mobile phases 
consisting of acetonitrile, acetonitrile/acetic acid, and acetonitrile/aqueous buffer were chosen.  
As a measure of enantioselectivity, capacity factors (k') were obtained in order to determine 
separation factors (α) for each enantiomeric pair (α = k'L/ k'D). 
Contribution of hydrogen bonding interactions to molecular recognition was evaluated 
using acetonitrile as the mobile phase; this solvent is classified as an aprotic solvent with poor 
hydrogen bonding capabilities, therefore it has little ability to compete for the hydrogen bonding 
sites of the template or the polymer binding sites.  Table 3.1 shows the capacity and separation 
factors for the imprinted polymers using NOBE compared to imprinted polymers using the 
traditional EGDMA.  The increased binding affinity and selectivity obtained by MIPs prepared 
with NOBE versus MIPs formulated with EGDMA indicate stronger hydrogen bonding 
interactions with NOBE.  Template molecules containing more than one functional group 
capable of forming hydrogen bonds with the amide group in NOBE gave the best selectivity 
(entries 1, 3, 6, 9, table 3.1).  Thus better recognition sites appear to be formed with templates 
having more groups capable of non-covalent interactions.  The results obtained also reflect the 
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relative hydrogen bond strengths between the different functional groups in the templates and the 
amide functionality (R-OH --- O=C-NHR > R-N(H)H --- O=C-NHR),3.8 i.e. MIPs imprinted with 
alcohols gave better selectivities as compared to MIPs imprinted with amines (with the exception 
of MBA) for which virtually no selectivity was obtained.  The large capacity factors observed for 
MIPs imprinted with amines may be attributed to non-specific interactions.  On the other hand, 
the interaction between EGDMA and the functionality of the different templates is relatively 
weak; therefore, the observed molecular recognition on the imprinted EGDMA may be due to 
the Van der Waals interactions with the shape selective recognition site for the template on the 
crosslinked polymer network. 
 To evaluate the contribution of electrostatic interactions, acetic acid was used as a polar 
modifier.  Because the amide functionality in NOBE is not an ionizable group, only strong 
electrostatic interactions between the template and the acetic acid are expected.  This would 
reduce the contribution of hydrogen bonding resulting in a decrease of binding and selectivity.  
Chromatographic results (table 3.2) using acetonitrile/acetic acid 99/1 as the mobile phase 
showed a small decrease in binding affinity and selectivity for most of the template molecules; 
however, MIPs imprinted using NOBE still showed a better performance as compared to those 
prepared with EGDMA. 
 The hydrophobic effect in molecular imprinted polymers was evaluated by increasing the 
aqueous content in the mobile phase toward reverse phase conditions.  Under these conditions, 
polar templates become less retained, whereas templates of moderate to low polarity become 
more retained; this increase in retention is attributed to the hydrophobic effect.3.9  In order to 
evaluate the influence of the hydrophobic effect in the performance of MIPs formulated with 
NOBE and EGDMA, an aqueous phase consisting of acetonitrile/glycine buffer (pH=3, 10 mM), 
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30/70 was used.  As a quantitative measurement of the template hydrophobicity, the parameter P 
(the partition coefficient of the template between octanol and water, expressed as log P ) was 
estimated for each template molecule using the program “log P DB” (ACD Labs).  
Chromatographic results (table 3.3) show that the selectivity observed in organic media for MIPs 
formulated with NOBE was greatly reduced in the reverse phase mode.  However, slight 
selectivity was observed for templates having high log P values (entries 1, 3, 4, 6, and 9, table 
3.3).  Template molecules containing polar groups and low log P values (entries 2, 10, 12, and 
13, table 3.3) gave low binding affinities and essentially no selectivity was found.  For EGDMA 
imprinted polymers, with the exception of bi-naphthol (entry 9, α =1.29), no selectivity was 
obtained for the other template molecules.  High binding affinities observed for some templates 
with higher log P values in EGDMA imprinted polymers can be associated with non-specific 
binding arising as a result of the more hydrophobic nature of EGDMA (log P = 2.78 ) as 
compared to NOBE (log P = 1.31).  Because of the low buffer concentration (10 mM) used for 
this study, the influence of the buffer molecules on the molecular recognition can be assumed 
negligible.  In summary, results from the chromatographic evaluation indicate that the molecular 
recognition properties exhibited by NOBE imprinted polymers in organic media are the result of 
hydrogen bonding interactions; whereas in aqueous media moderate hydrophobic interactions 
contribute to the selectivity observed, although there is not trend that correlates with the log P 
parameter. 
 In addition to the chromatographic evaluation, molecular contributions for binding site 
formation prior to polymerization were evaluated in order to correlate them with the selectivity 
observed for NOBE imprinted polymers.  Studies based on ligand-receptor binding constants 
measurements have stated that the molecular memory in MIPs depends on the formation of 
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template-functional monomers complexes in the polymerization mixture.  The more stable the 
complex, the greater the number and fidelity of binding sites on the resultant MIP.3.10  Thus, 
association binding constants for each template-NOBE complex were determined by 1H NMR 
titration in CD3CN.  Although binding constants (table 1-3) are in general small, a trend in each 
set of templates is observed, i.e. templates with higher association constants gave higher 
selectivity.  This indicates that some level of template organization of functional groups in MIPs 
is important to obtain selective polymers. 
 
3.6 Structural Determinants of NOBE Selectivity 
 Based on the chromatographic evaluation of NOBE imprinted polymers, it was concluded 
that the selectivity observed was predominantly the result of hydrogen bonding interactions of 
the template with the amide functionality incorporated into the crosslinker backbone.  
Polymerization of this class of monomers is not complete, and some residual double bonds from 
the less reactive methacrylamide moiety will not be incorporated into the polymeric network.  To 
test whether the residual unreacted methacrylamide functionality is responsible for the increased 
molecular recognition of the template molecules, an analog of NOBE, compound 3.16 was 
synthesized, and used to mimic MIPs imprinted using NOBE. 
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Figure 3.5.  Mixture of an amide functional monomer and EGDMA equivalent to NOBE 
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Table 3.1.  Chromatographic results for MIPs using MeCN as mobile phase.a 
 EGDMA NOBE 
Entry Template Polymer Kassoc 
(M-1) 
Log 
P 
k′L k′′D α k′L k′′D α 
1 
N
H
CH
C
CH2
OHO
O
O
OH  
Non-Imprinted 
Imprinted 
3.82 2.23 0.25 
0.22 
0.25 
0.18 
1.00 
1.22 
1.65 
16.16 
1.65 
4.15 
1.00 
3.89 
2 O
O
H
N
O
OH
OH  
Non-Imprinted 
Imprinted 
 
1.22 0.83 0.86 
0.25 
0.86 
0.25 
1.00 
1.00 
1.93 
11.38 
1.93 
4.88 
1.00 
2.33 
3 
NH
OH
O
S
O
ON
 
Non-Imprinted 
Imprinted 
2.24 4.50  
0.27 
0.33 
 
0.27 
0.23 
 
1.00 
1.43 
 
1.21 
5.34 
 
1.21 
1.49 
 
1.00 
3.58 
4 
N
H
CH
C
CH2
OHO
O
O
 
Non-Imprinted 
Imprinted 
 
0.87 3.58  0.30 
0.19 
0.30 
0.16 
1.00 
1.19 
0.68 
2.78 
0.68 
1.42 
1.00 
1.96 
5 
N
H
CH
C
CH2
OHO
O
 
Non-Imprinted 
Imprinted 
-- 
 
1.14 Template did not 
dissolve 
0.94 
4.39 
0.94 
2.46 
1.00 
1.78 
6 
N
H
CH
C
CH2
OHO
HN
O
O
 
Non-Imprinted 
Imprinted 
 
5.50 
 
3.50 0.86 
0.32 
0.86 
0.23 
 
1.00 
1.39 
1.48 
17.41 
1.48 
4.20 
1.00 
4.15 
7 OH
H
 
Non imprinted 
Imprinted 
 
0.60 2.61 0.20 
0.17 
0.20 
0.16 
1.00 
1.06 
0.16 
0.37 
0.16 
0.30 
1.00 
1.23 
8 
OH
OH
 
Non imprinted 
Imprinted 
 
0.45 1.86 0.18 
0.18 
0.18 
0.13 
1.00 
1.38 
0.23 
0.72 
0.23 
0.38 
1.00 
1.89 
9 
OH
OH
 
Non imprinted 
Imprinted 
1.44 4.36 0.26 
0.70 
0.25 
0.26 
1.00 
2.69 
0.44 
9.92 
0.44 
0.76 
1.00 
13.05 
10 
H2N
H
 
Non imprinted 
Imprinted 
-- 1.44 0.19 
9.10 
 
0.19 
9.18 
 
1.00 
1.00 
8.60 
53.20 
8.07 
13.09 
1.06 
4.1 
11 
NH2  
Non imprinted 
Imprinted 
1.94 2.67 0.71 
0.65 
0.72 
0.61 
1.00 
1.06 
-- -- b 
12 
N
N
H
 
Non imprinted 
Imprinted 
 
0.32 0.72 0.11 
0.25 
0.11 
0.22 
1.00 
1.13 
1.16 
6.54 
 
1.18 
6.52 
 
 
1.00 
1.00 
 
13 
NH2
NH2
 
Non imprinted 
Imprinted 
0.55 1.60 11.16 
8.29 
11.16 
7.83 
1.00 
1.05 
4.30 
19.20 
4.38 
18.68 
1.00 
1.03 
aHPLC conditions: particle size: 20-25 µm; column size: 100 x 2.1 mm; analytes/wavelength 
detection: 0.1 mM DLP/330 nm 1mM Boc-L-tyrosine/270 nm, 1 mM Cbz-L-phenylalanine/250 
nm, 1 mM acetyl-L-phenylalanine/254 nm, 0.2 mM Cbz-L-tryptophan/260 nm, 1 mM Cbz-L-
serine/260 nm, 0.2 mM (S)-(-)-α-methyl-1-naphtalenmethanol/260 nm, 1mM (S,S)-(-)-
hydrobenzoin/254 nm, 0.2 mM (S)-(-)-1,1’-bi-2-naphthol/300 nm, 1mM S-nicotine/262 nm, 10 
mM (S)-(-)-α-methyl benzyl amine/254 nm, 10 mM (1S, 2S)-(-)-1,2-
diphenylethylenediamine/260 nm, and Acetone (used to determine void volume); injected 
volume; flow rate: 0.1 mL/min; injected volume: 5 µL.  b Retention time > 400 min for both 
enantiomers. 
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Table 3.2.  Chromatographic results for MIPs using MeCN/HOAc 99/1 as the mobile phase.a 
 EGDMA NOBE 
Entry Template Polymer Kassoc 
(M-1) 
Log 
P 
k′L k′′D α k′L k′′D α 
1 
N
H
CH
C
CH2
OHO
O
O
OH  
Non-Imprinted 
Imprinted 
3.82 2.23 0.12 
0.11 
0.12 
0.09 
1.00 
1.23 
1.04 
9.19 
1.03 
2.23 
1.00 
4.12 
2 O
O
H
N
O
OH
OH  
Non-Imprinted 
Imprinted 
 
1.22 0.83 0.21 
0.14 
0.21 
0.14 
1.00 
1.00 
1.14 
5.44 
1.13 
2.73 
1.00 
1.99 
3 
NH
OH
O
S
O
ON
 
Non-Imprinted 
Imprinted 
2.24 4.50 0.19 
0.26 
0.19 
0.18 
 
1.00 
1.44 
0.76 
3.32 
0.75 
1.05 
1.00 
3.16 
4 
N
H
CH
C
CH2
OHO
O
O
 
Non-Imprinted 
Imprinted 
 
0.87 3.58  0.18 
0.18 
0.17 
0.13 
1.06 
1.38 
0.47 
1.82 
0.47 
0.89 
1.00 
2.04 
5 
N
H
CH
C
CH2
OHO
O
 
Non-Imprinted 
Imprinted 
-- 
 
1.14 Template did not 
dissolve 
0.61 
1.63 
0.61 
1.09 
1.00 
1.49 
6 
N
H
CH
C
CH2
OHO
HN
O
O
 
Non-Imprinted 
Imprinted 
 
5.50 
 
3.50 0.22 
0.27 
0.21 
0.19 
1.05 
1.42 
0.89 
6.89 
0.89 
2.13 
1.00 
3.23 
7 OH
H
 
Non imprinted 
Imprinted 
 
0.60 2.61 0.16 
0.15 
0.16 
0.14 
1.00 
1.07 
0.13 
0.26 
0.13 
0.22 
1.00 
1.18 
8 
OH
OH
 
Non imprinted 
Imprinted 
 
0.45 1.86 0.16 
0.16 
0.16 
0.13 
1.00 
1.23 
0.17 
0.49 
0.17 
0.28 
1.00 
1.75 
9 
OH
OH
 
Non imprinted 
Imprinted 
1.44 4.36 0.22 
0.66 
0.22 
0.25 
1.00 
2.64 
0.34 
5.49 
0.35 
0.58 
1.00 
9.47 
10 
H2N
H
 
Non imprinted 
Imprinted 
-- 1.44 0.08 
1.98 
 
0.08 
1.78 
1.00 
1.11 
 
3.21 
19.72 
3.17 
4.65 
1.00 
4.42 
11 
NH2  
Non imprinted 
Imprinted 
1.94 2.67 0.10 
2.16 
0.10 
2.12 
 
1.00 
1.02 
 
6.36 
51.86 
5.72 
38.54 
1.11 
1.35 
12 
N
N
H
 
Non imprinted 
Imprinted 
 
0.32 0.72 0.03 
3.24 
 
0.03 
2.84 
1.00 
1.14 
1.78 
1.95 
1.79 
1.74 
1.00 
1.12 
13 
NH2
NH2
 
Non imprinted 
Imprinted 
0.55 1.60 2.18 
2.15 
2.23 
2.11 
1.00 
1.00 
1.73 
3.20 
1.92 
3.05 
0.90 
1.05 
aHPLC conditions: particle size: 20-25 µm; column size: 100 x 2.1 mm; analytes/wavelength 
detection: 0.1 mM DLP/330 nm 1mM Boc-L-tyrosine/270 nm, 1 mM Cbz-L-phenylalanine/250 
nm, 1 mM acetyl-L-phenylalanine/254 nm, 0.2 mM Cbz-L-tryptophan/260 nm, 1 mM Cbz-L-
serine/260 nm, 0.2 mM (S)-(-)-α-methyl-1-naphtalenmethanol/260 nm, 1mM (S,S)-(-)-
hydrobenzoin/254 nm, 0.2 mM (S)-(-)-1,1’-bi-2-naphthol/300 nm, 1mM S-nicotine/262 nm, 10 
mM (S)-(-)-α-methyl benzyl amine/254 nm, 10 mM (1S, 2S)-(-)-1,2-
diphenylethylenediamine/260 nm, and Acetone (used to determine void volume); injected 
volume; flow rate: 0.1 mL/min; injected volume: 5 µL.  
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Table 3.3.  Chromatographic results for MIPs imprinted using MeCN/pH=3.0 10 mM glycine  
                    buffer 30/70 as the mobile phase.a 
 EGDMA NOBE 
Entry Template Polymer Kassoc 
(M-1) 
log P k′L k′′D α k′L k′′D α 
1 
N
H
CH
C
CH2
OHO
O
O
OH  
Non-Imprinted 
Imprinted 
3.82 2.23 1.7 
1.65 
1.7 
1.61 
1.00 
1.02 
 0.92 
1.47 
0.92 
1.29 
1.00 
1.14 
2 O
O
H
N
O
OH
OH  
Non-Imprinted 
Imprinted 
 
1.22 0.83 0.38 
0.44 
0.38 
0.44 
1.00 
1.00 
0.32 
0.54 
0.31 
0.50 
1.00 
1.08 
3 
NH
OH
O
S
O
ON
 
Non-Imprinted 
Imprinted 
2.24 4.50 0.02 
3.24 
0.02 
3.24 
1.00 
1.00 
1.79 
4.72 
1.80 
3.65 
1.00 
1.29 
4 
N
H
CH
C
CH2
OHO
O
O
 
Non-Imprinted 
Imprinted 
 
0.87 3.58  0.01 
0.29 
0.01 
0.26 
1.00 
1.01 
0.09 
4.54 
0.09 
4.13 
1.0 
1.10 
5 
N
H
CH
C
CH2
OHO
O
 
Non-Imprinted 
Imprinted 
-- 
 
1.14 Template did not 
dissolve 
0.23 
0.28 
0.22 
0.26 
1.00 
1.08 
6 
N
H
CH
C
CH2
OHO
HN
O
O
 
Non-Imprinted 
Imprinted 
 
5.50 
 
3.50 0.01 
0.01 
 
0.01 
0.01 
1.00 
1.00 
3.32 
8.78 
3.33 
6.67 
1.00 
1.32 
7 OH
H
 
Non imprinted 
Imprinted 
 
0.60 2.61 0.01 
5.47 
0.01 
5.37 
1.00 
1.01 
1.17 
1.45 
1.17 
1.45 
1.00 
1.00 
8 
OH
OH
 
Non imprinted 
Imprinted 
 
0.45 1.86 0 
2.98 
0 
2.7 
1.00 
1.10 
0.60 
1.16 
0.59 
1.09 
1.00 
1.06 
9 
OH
OH
 
Non imprinted 
Imprinted 
1.44 4.36 4.7 
80.68 
4.7 
62.42 
1.00 
1.29 
6.57 
29.56 
6.57 
14.01 
1.00 
2.11 
10 
H2N
H
 
Non imprinted 
Imprinted 
-- 1.44 --- --- b 0.05 
--- 
0.05 
--- 
1.00 
b 
11 
NH2  
Non imprinted 
Imprinted 
1.94 2.67 --- --- b 0.08 
0.33 
0.08 
0.30 
1.00 
1.10 
12 
N
N
H
 
Non imprinted 
Imprinted 
 
0.32 0.72 --- --- b --- --- b 
13 
NH2
NH2
 
Non imprinted 
Imprinted 
0.55 1.60 0.08 
2.04 
0.08 
2.03 
1.00 
1.00 
0.06 
0.69 
0.06 
0.59 
1.00 
1.16 
aHPLC conditions: particle size: 20-25 µm; column size: 100 x 2.1 mm; analytes/wavelength 
detection: 0.1 mM DLP/330 nm 1mM Boc-L-tyrosine/270 nm, 1 mM Cbz-L-phenylalanine/250 
nm, 1 mM acetyl-L-phenylalanine/254 nm, 0.2 mM Cbz-L-tryptophan/260 nm, 1 mM Cbz-L-
serine/260 nm, 0.2 mM (S)-(-)-α-methyl-1-naphtalenmethanol/260 nm, 1mM (S,S)-(-)-
hydrobenzoin/254 nm, 0.2 mM (S)-(-)-1,1’-bi-2-naphthol/300 nm, 1mM S-nicotine/262 nm, 10 
mM (S)-(-)-α-methyl benzyl amine/254 nm, 10 mM (1S, 2S)-(-)-1,2-
diphenylethylenediamine/260 nm, and Acetone (used to determine void volume); injected 
volume; flow rate: 0.1 mL/min; injected volume: 5 µL.  b  Retention time for both enantiomers 
was equal the void volume. 
 
 97
In order to obtain polymers with the same pendant amide functionality as in NOBE, one 
fourth of the original amount of EGDMA was substituted with compound 3.16.  To evaluate this 
system, template molecules (3.3, 3.5, 3.11, and 3.12) that gave the best results in terms of 
binding and selectivity in the initial evaluation were chosen.  Table 3.4 shows the binding results, 
including as comparison the chromatographic evaluation for EGDMA and NOBE.  Although 
there was some improvement in binding and selectivity using the combination 3.16/EGDMA as 
compared to MIPs imprinted using EGDMA, the performance of these mimics was not 
comparable to the imprinted polymers using NOBE.  Therefore, the good binding and selectivity 
(data in table 3.4) do not originate from the pendant amide functionality.  Instead, it must be 
concluded that the amide functionality incorporated in the crosslinked backbone of the polymer 
is responsible for the enhanced binding properties of NOBE polymers. 
In a complementary approach to determine which structural determinants (in addition to the 
crosslinking feature) of NOBE are responsible for its improved performance, computer models 
of NOBE and compound 3.16 were developed.  Conformational analyses were carried out using 
the software package SYBYL 6.6 (Tripos, St. Louis, USA).  The Gasteiger-Hückel 
computational method was initially used and then refined using molecular mechanics applying 
an energy minimization with the “maxmin” command.  Energy minimized structures for NOBE 
and 3.16 (figure 3.4) show that these monomers adopt conformations stabilized by an 
intramolecular hydrogen bond between the –NH bond of the amide group and the carbonyl of the 
ester group. Although this conformation due to intramolecular hydrogen bonding is expected to 
predominate in gas phase, its existence in solution can be evaluated by spectroscopic methods 
such as FT-IR or 1H NMR.  Thus the nature of hydrogen bonding association of NOBE in 
solution was evaluated by 1H NMR titration. 
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Table 3.4.  Chromatographic results for MIPs formulated with functional monomer 3.16.a 
 EGDMA O
N
H
O
O
O
O
O
O  
NOBE 
Entry Template k′L k′′D α k′L k′′D α k′L k′′D α 
1 
NH
OH
O
S
O
ON
 
 
0.26 
 
0.18 
 
 
1.44 
 
1.12 
 
0.81 
 
1.38 
 
3.32 
 
1.05 
 
3.16 
2 
N
H
CH
C
CH2
OHO
O
O
OH  
 
0.11 
 
0.09 
 
1.23 
 
1.24 
 
0.99 
 
1.25 
 
9.19 
 
2.23 
 
4.12 
3 
OH
OH
 
 
0.66 
 
0.25 
 
2.64 
 
2.08 
 
0.64 
 
3.35 
 
5.49 
 
0.58 
 
9.47 
4 
H2N
H
 
 
0.08 
 
0.08 
 
1.00 
 
0.20 
 
0.20 
 
1.00 
 
19.72 
 
4.65 
 
4.42 
aHPLC conditions: particle size: 20-25 µm; column size: 100 x 2.1 mm; mobile phase: 
acetonitrile/acetic acid 99/1; 0.1mM dansyl-L-phenylalanine, 1 mM Boc-L-tyrosine, 0.2 mM (S)-
(-)-1,1’-bi-2-naphthol, 10 mM (S)-(-)-α-methyl benzyl amine, and Acetone (used to determine 
void volume); flow rate: 0.1 mL/min; wavelength detection: 330 nm for dansyl-L-phenylalanine, 
270 nm for Boc-L-tyrosine, 300 nm for (S)-(-)-1,1’-bi-2-naphthol, and 254 nm for (S)-(-)-α-
methyl benzyl amine; injected volume: 5 µL. 
 
 
Figure 3.6.  Minimized energy conformations for NOBE and 3.16 monomers. 
 
The results revealed that self-association occurred as a result of intermolecular hydrogen 
bonding since the chemical shift of the amide proton in NOBE was concentration dependent.  
Therefore, the enhanced performance of the NOBE imprinted polymers could be the result in 
part of a highly organized system via hydrogen bond interactions in the solution phase prior to 
polymerization (figure 3.7).  This may result in better binding sites with improved fidelity that 
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are not provided by EGDMA or 3.16/EGDMA because of the lack of self-association via 
hydrogen bonding interactions. 
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Figure 3.7.  Suggested template/NOBE assembly via hydrogen bonding in solution. 
 
3.7 Influence of Other Functional Monomers on the Performance of MIPs Formulated  
with NOBE 
  
The performance of MIPs formulated with NOBE in combination with other functional 
monomers was investigated.  For this purpose MAA and 4-vinyl pyridine, which interact with 
the template via hydrogen bond and electrostatic interactions were chosen as the non-
crosslinking functional monomers.  Compounds 3.3, 3.11, and 3.12 were selected as the template 
molecules.  Molecularly imprinted polymers were synthesized using either MAA or 4-
vinylpyridine as the functional monomers and NOBE as the crosslinker.  The selectivity of the 
MIPs was evaluated under HPLC conditions.  Results from the chromatographic evaluation in 
table 3.5, revealed that introduction of other functional group into the NOBE polymeric network 
produces MIPs with reduced selectivity.  The origin of this behavior may be the result of 
different classes of complexes formed, resulting from competitive hydrogen bonding interactions 
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between the functional group, the template, and the crosslinker NOBE.  Thus different kinds of 
binding sites may arise as a result of the different complexes formed prior to polymerization.   
 
Table 3.5.  Chromatographic results for MIPs formulated with different functional monomers 
and NOBE as the crosslinker.a 
 MAA 4-Vinyl Pyridine No Functional 
Monomer 
Entry Template k′L k′′D α k′L k′′D α k′L k′′D α 
1 
N
H
CH
C
CH2
OHO
O
O
OH  
 
2.24 
 
1.22 
 
1.84 
 
14.48 
 
6.04 
 
2.39 
 
9.19 
 
2.23 
 
4.12 
2 
OH
OH
 
 
2.58 
 
0.41 
 
6.33 
 
9.37 
 
1.05 
 
8.92 
 
5.49 
 
0.58 
 
9.47 
3 
H2N
H
 
 
0.54 
 
0.54 
 
1.00 
 
1.60 
 
1.45 
 
1.10 
 
19.72 
 
4.65 
 
4.42 
aHPLC conditions: particle size: 20-25 µm; column size: 100 x 2.1 mm; mobile phase: 
acetonitrile/acetic acid 99/1; 1 mM Boc-L-tyrosine, 0.2 mM (S)-(-)-1,1’-bi-2-naphthol, 10 mM 
(S)-(-)-α-methyl benzyl amine, and Acetone (used to determine void volume); flow rate: 0.1 
mL/min; wavelength detection: 270 nm for Boc-L-tyrosine, 300 nm for (S)-(-)-1,1’-bi-2-
naphthol, and 254 nm for (S)-(-)-α-methyl benzyl amine; injected volume: 5 µL. 
 
This effect is more pronounced in the case of MAA, which may form stronger complexes 
with NOBE as compared to 4-vinylpyridine due to the relative strengths of the donor-acceptor 
for hydrogen bond formation.  At the macromolecular level, incorporation of another functional 
monomer into the polymeric network of NOBE may modify the polymeric network structure.  
Reactivities of MAA and 4-vinyl pyridine are higher as compared to the methacrylamide and 
methacrylate groups present in NOBE, indicating tendency toward homopolymerization (table 
3.6).3.11  Considering that in these MIPs the functional/crosslinking monomer ratio is 1/4, 
incorporation of linear chains of these monomers into the polymeric network of NOBE reduce 
the degree of crosslinking giving as a consequence MIPs with reduced selectivity.  Previous 
studies performed by Wulff,3.12 have established that the selectivity in MIPs increases with 
increase in the degree of crosslinking. 
 101
 
Table 3.6. Reactivity ratios for non-crosslinking monomers.3.11 
Monomer 1 Monomer 2 r1 r2 
Methacrylamide Methyl methacrylate 0.49 1.65 
Methyl methacrylate MAA 0.37 2.2 
Methacrylamide MAA 0.33 2.73 
Methyl methacrylate 4-Vinyl pyridine 0.54 0.99 
 
3.8 Characterization of NOBE Molecularly Imprinted Polymers 
Physical characterization of MIPs formulated with NOBE involved porosimetry and 
swelling studies.  To obtain information regarding their chemical and structural composition FT-
IR and 1H NMR spectroscopy were used. 
 
3.8.1 Analysis of Porosity and Surface Area 
 Molecularly imprinted polymers are classified as macroporous materials.  Their 
morphology consist of aggregates of material with macro-, meso-, and micro-pores formed 
between aggregates.3.13  Porosity is controlled by the interaction of the forming polymer matrix 
and the solvent (referred to as "porogen") as phase separation occurs.  Data from BET analysis of 
the new materials by nitrogen adsorption-desorption porosimetry is shown in table 3.7.  The 
nitrogen adsorption-desorption isotherms indicate that all polymers have average pore diameters 
in the macroporous range, essentially in the same order of magnitude.  Therefore, according to 
this data, all polymers have approximately the same macroscopic characteristics. 
 
3.8.2 Swelling of NOBE Molecularly Imprinted Polymers 
Swelling of the polymers was determined as reported elsewhere.3.13  As shown in table 
3.8, all imprinted polymers exhibited a low swelling ratio, associated with the high crosslinking 
nature of macroporous polymers. 
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Table 3.7.  Surface area and pore analysis on the imprinted polymers. 
Entry Crosslinker Functional 
Monomer 
Surface 
area 
(BET)a 
(m2/g) 
Pore 
vol.b 
(mL/g) 
Pore 
diam.
c 
(Å) 
1 NOBE No functional 
monomer 
46 0.19 166 
2 NOBE O
OH
 
 
 
51 
 
0.51 
 
402 
3 EGDMA O
O
H
N
O  
 
106 
 
0.42 
 
156 
a Determined using the BET model on a seven-point linear plot.  b BJH cumulative adsorption 
pore volume.  c BJH adsorption average pore diameter. 
 
Table 3.8.  Swelling of NOBE MIPs. 
Entry Crosslinker Functional 
Monomer 
Density 
(g/mL) 
Swellinga 
1 EGDMA No functional monomer 0.258 
 
1.05 
2 NOBE No functional monomer 0.189 
 
1.05 
3 NOBE MAA 0.237 
 
1.05 
4 EGDMA O
O
H
N
O  
 
 
0.303 
 
1.05 
5 NOBE 4-vinyl pyridine 0.185 1.1 
a Expressed as the volume (mL) of swollen polymer per mL of dry polymer. 
3.8.3 FT-IR Analysis 
The use of FT-IR spectroscopy in the evaluation of polymeric materials provides 
information about the extent of incorporation of the monomers into the polymeric network.  The 
FT-IR spectra of the control and imprinted polymers are shown in figures 3.8 and 3.9 
respectively.  A qualitative estimation of the extent of unreacted double bonds considering the 
C=C stretch ca 1600 cm-1 and the =C-H out of plane bend at 900-950 cm-1 can be used to 
estimate the degree of cross-linking in the imprinted polymers.3.13  For NOBE polymers the =C-
H out of plane bend at 900-950 cm-1 is the only signal that can be used to estimate the unreacted 
double bonds, since the C=C stretch overlaps with the CO-NH resonance at 1654 cm-1.  The FT-
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IR spectra of control polymers (figure 3.7) for NOBE and EGDMA and MIPs formulated with 
NOBE, NOBE/MAA, and NOBE/4-vinylpyridine (figure 3.9) were indistinguishable, indicating 
that they all contained approximately the same amount of unreacted double bonds.  The MIP 
formulated with EGDMA/3.16 shows a high proportion of double bonds not incorporated into 
the polymer network as compared to the NOBE polymers. 
 
Figure 3.8.  FT-IR spectra of control polymers:  (a) NOBE; (b) EGDMA.  The arrows show the 
resonances for C=C stretch ca 1640 cm-1 and the =C-H out of plane bend ca 950 cm-1 
 
 
 
Figure 3.9.  FT-IR spectra of MIPs imprinted with Boc-L-tyrosine: (a) NOBE; (b) NOBE/MAA; 
(c) NOBE/4-vinyl Pyridine; (d) EGDMA/3.16.  The arrow shows the resonance for the =C-H out 
of plane bend ca 950 cm-1 
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3.9 Insights into the Mechanism for Network Formation in MIPs Formulated with 
NOBE 
 
In general, molecularly imprinted polymers are formed via chain reactions involving the 
copolymerization of a monovinyl and a divinyl monomer.  For most of the systems developed, 
the divinyl or crosslinking component has a similar vinylic structure to that of the monovinyl 
monomer.  Thus under free radical conditions, the crosslinking agent would be incorporated at 
statistical intervals along the copolymer chain, with the second double bond undergoing reaction 
as dictated by electronic and steric considerations. 
Unlike the traditional protocol for molecular imprinting, where a mixture of compatible 
vinylic monomers is used, the new approach presented here involves the use of only one 
monomer that incorporates the functionality and crosslinking features for molecular recognition 
and polymer network formation.  Because NOBE posseses polymerizable functionalities of 
different chemical structure; the polymerization mechanism for network formation will be 
dictated only by the relative reactivities of the polymerizable groups present in this monomer, 
since no other monovinylic compound is involved.  It has been established that incorporation of 
monomers with differences in reactivity between polymerizable groups for network formation 
may have a profound influence in the polymer macro-structure.  This differential in reactivity 
may control the network assembly, altering as a consequence the physical properties of the 
resulting polymer.3.14 
In order to evaluate the relative reactivities of the polymerizable groups of NOBE, the 
initial stage of the thermal polymerization at 50 ºC was monitored by 1H NMR.  For this study 
(S)-(-)-1,1’-bi-2-naphthol was chosen as the template since its 1H NMR signals appear in the 
aromatic region, which is free of other interfering signals from the monomer.  Integrals of the 
different vinylic protons of NOBE were obtained during the first 3 hours of polymerization, after 
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which broadening of the signals occurred due to polymerization, limiting accurate 
measurements.  As shown in figure 3.10, after an initial lag of 65 min it was observed that the 
different vinylic protons are converted almost at the same rate, with the vinylic protons from the 
methacrylate moiety reacting at a slightly high rate as compared to the vinylic protons from the 
methacrylamide moiety.  In the case of the template signals, no significant peak shift was 
observed; however, peak broadening occurred as the polymerization takes place, indicating that 
the template mobility becomes restricted.  These results suggest that the small differential in 
reactivity observed under the polymerization conditions evaluated, may not have a marked 
influence in the polymer macro-structure, giving as a result materials with similar morphology to 
traditional MIPs formulated with EGDMA. 
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Figure 3.10.  Conversion of NOBE double bonds as a function of polymerization time. 
 
3.10 Conclusions 
 A simpler protocol for the synthesis of molecularly imprinted polymers has been 
developed.  The approach relies in the use of one single monomer that incorporates the 
functionality and the crosslinking features for molecular recognition and network formation.  
The amide functionality in the crosslinker NOBE interacts with the template molecule via 
hydrogen bonding interactions, in order to afford molecular recognition without the need of 
introducing any other functional monomer.  Using this approach, the resulting macroporous 
♦  CH2=C(CH3)CONHR 
 •  CH2=C(CH3)COOR 
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polymers showed improved enantiomeric recognition in organic and aqueous media, as 
compared to similar MIPs prepared with EGDMA.  The origin of the improved molecular 
recognition observed in organic media was determined to be the result of hydrogen bonding 
interactions, whereas in aqueous media moderate hydrophobic interactions were responsible for 
the selectivity observed.  MIPs imprinted with template molecules containing hydroxyl, 
carboxylate, and amide functionalities gave the highest selectivity.  It was suggested that self-
association of NOBE in the solution phase prior to polymerization generate an organized system 
that may be responsible (at least in part) for the improved recognition.  At the macromolecular 
level, incorporation of the amide group in the crosslinker backbone not only reduces the 
conformational flexibility of the binding site, but also “locks in place” the binding group by 
reducing the entropic effect associated with binding interactions.  Incorporation of another 
functional monomer into the polymeric network of NOBE interferes with good binding site 
interactions giving as a result MIPs with lower selectivity.  The small differences in reactivity 
between the polymerizable groups in NOBE suggest that the morphology of these new materials 
may be similar to the traditional MIPs formulated with EGDMA. 
In summary, results from this study show that the use of a crosslinking monomer 
containing a functionality capable to interact with a template via non-covalent interactions, not 
only improves the molecular recognition process, but also simplify the synthesis of MIPs by 
avoiding the need of empirical optimization for MIPs formulation. 
 
3.11 Experimental 
General 
1H NMR spectra were measured in CD3CN unless otherwise indicated on a Bruker DPX-
250 Spectrometer.  Chemical shifts (δ) are given in ppm relative to TMS.  FT-IR spectra were 
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obtained as KBr discs on a Nicolet AVATAR 320 FT-IR unless otherwise indicated.  Imprinted 
polymerization was performed in a photochemical turntable reactor (ACE Glass Inc.), which was 
immersed in a constant temperature bath.  A standard laboratory UV light source (a Canrad-
Hanovia medium pressure 450 W mercury arc lamp) jacketed in a borosilicate double-walled 
immersion well was placed at the center of the turntable.  HPLC columns were packed using a 
Beckman 1108 Solvent Delivery Module, into stainless steel columns (length, 10 cm, i.d. 2.1 
mm) to full volume for chromatographic experiments.  HPLC analyses were performed 
isocratically at room temperature (21°C) using a Hitachi L-7100 pump with a Hitachi L-7400 
detector.  Pore size measurements were obtained in a Quantachrom AUTOSORB-1 AS-1.  In situ 
1H NMR were performed in a Bruker DPX-400 Spectrometer at 50 °C. 
Monomer Syntheses: 
N,O-bismethacryloyl Ethanolamine (NOBE).  Synthesis of this monomer was carried 
out as described in 1.4.1 (Chapter 1) 
2-(Acetylamino)ethyl 2-Methacrylate (3.16).  Synthesis of this monomer was carried 
out as described in 1.4.6 (Chapter 1) 
Polymer Preparation:  
Typical Formulation for MIPs Prepared with NOBE.  In a 13 x 100 mm test tube, 
(0.123g, 0.438 mmol) of Boc-L-tyrosine was dissolved in 1.64 mL of acetonitrile.  To this 
solution were added NOBE (1.7g, 8.629 mmol), and AIBN (0.023g, 0.14 mmol).  For 
comparison to traditionally formulated imprinted polymers, another polymer was imprinted 
using the formulation above, substituting EGDMA as the cross-linking monomer.  
Typical Formulation for MIPs Prepared with EGDMA and Acetamide 
Methacrylate as the Functional Monomer.  In a 13 x 100 mm test tube, (0.123g, 0.438 mmol) 
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of Boc-L-tyrosine was dissolved in 1.64 mL of acetonitrile.  To this solution were added 
EGDMA (1.317g, 6.644 mmol) and AIBN (0.023g, 0.14 mmol). 
Typical Formulation for MIPs Prepared with NOBE as the Crosslinker and MAA 
as the Functional Monomer.  In a 13 x 100 mm test tube, (0.148g, 0.525 mmol) of Boc-L-
tyrosine was dissolved in 1.8 mL of acetonitrile.  To this solution were added MAA (0.148g, 
1.723mmol), NOBE (1.7g, 8.616 mmol), and AIBN (0.027g, 0.168 mmol).  For comparison to 
traditionally formulated imprinted polymers, another polymer was imprinted using the 
formulation above, substituting EGDMA as the cross-linking monomer.  
Typical Formulation for MIPs Prepared with NOBE as the Crosslinker and 4-Vinyl 
Pyridine as the Functional Monomer.  In a 13 x 100 mm test tube, (0.148g, 0.525 mmol) of 
Boc-L-tyrosine was dissolved in 1.8mL of acetonitrile.  To this solution were added 4-vinyl 
pyridine (0.181g, 1.723 mmol), NOBE (1.7g, 8.616 mmol), and AIBN (0.027g, 0.168 mmol).  
For comparison to traditionally formulated imprinted polymers, another polymer was imprinted 
using the formulation above, substituting EGDMA as the cross-linking monomer.  The solution 
was purged by bubbling nitrogen gas into the mixture for 5 min, then capped and sealed with 
teflon tape and parafilm.  The samples were inserted into a photochemical turntable reactor, 
which was immersed in a constant temperature bath.  A standard laboratory UV light source 
(medium pressure 450 W mercury arc lamp) jacketed in a borosilicate double-walled immersion 
well was placed at the center of the turntable.  The polymerization was initiated photochemically 
at 20°C and the temperature maintained by both the cooling jacket surrounding the lamp and the 
constant temperature bath holding the entire apparatus.  The polymerization was allowed to 
proceed for 10 h, then used for chromatographic experiments. 
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Chromatographic Experiments.  Removal of the template was achieved by Soxhlet 
extraction with methanol for 48 h.  Then the polymers were ground using a mortar and pestle, the 
particles were sized using U.S.A. Standard Testing Sieves, and the fraction between 20-25 µm 
was collected.  The particles were slurry packed, using a solvent delivery module, into stainless 
steel columns (length, 100 mm; i.d., 2.1 mm) to full volume for chromatographic experiments.  
The polymers were then washed on line for 12 h using acetonitrile/acetic acid: 90/10, at a flow 
rate of 0.1 mL/min to remove any residual template.  HPLC analyses were performed 
isocratically at room temperature (21°C).  The flow rate in all cases was set at 0.1 mL/min using 
different mobile phases consisting of acetonitrile, acetonitrile/acetic acid: 99/1, and acetonitrile/ 
glycine buffer (pH 3.0 10 mM) were used.  Molar concentrations for substrates and wavelength 
detection are given in Table 3.8.  The void volume was determined using acetone as an inert 
substrate.  The separation factors (α) were measured as the ratio of capacity factors k'L/ k'D.  The 
capacity factors were determined by the relation k' = (Rv - Dv)/ Dv, where Rv is the retention 
volume of the substrate, and Dv is the void volume. 
In Situ 1H NMR Experiments.  In a NMR tube, NOBE (0.394 g, 2 mmol) was dissolved 
in 400 µL of CD3CN containing 1% v/v TMS, to this solution were added (S)-(-)-1,1’-bi-2-
naphtol (0.029g, 0.102 mmol) and AIBN (0.0053g, 0.033 mmol).  The polymerization was 
monitored at 50 °C, taking 1H NMR spectra at intervals of 5 min.  The peak areas of the vinyl 
protons of the methacrylate and methacrylamide moieties were used for the calculation of the 
curing profile reported in figure 3.9. 
Swelling Experiments.  Dry polymer (particle size < 20 µm) was placed in a 5 mL 
calibrated graduated cylinder and weighted to give the apparent density of the polymer.  Excess 
of solvent was then added and the polymer was stirred in order to remove air bubbles.  The 
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cylinder was tapped until no more settling was observed.  The swelling, given as the volume of 
swollen polymer per volume of dry polymer was read after 16 h. 
Pore Analysis.  A sample of polymer (70-150 mg) was degassed at 150ºC/24 h under 
vacuum. The absorption and desorption isotherms were obtained using a 20 min equilibration 
time.  Surface areas were determined according to the BET model, pore volumes and size 
distributions according to the BJH model. 
Table 3.9.  Concentration and wavelength detection used for template molecules. 
Entry Template Conc. 
(mM) 
λ 
1 
N
H
CH
C
CH2
OHO
O
O
OH  
0.1 270 
2 O
O
H
N
O
OH
OH  
1 260 
3 
NH
OH
O
S
O
ON
 
0.1 330 
4 
N
H
CH
C
CH2
OHO
O
O
 
1 250 
5 
N
H
CH
C
CH2
OHO
O
 
1 254 
6 
N
H
CH
C
CH2
OHO
HN
O
O
 
0.2 260 
7 OH
H
 
0.2 260 
8 
OH
OH
 
1 254 
9 
OH
OH
 
0.2 300 
10 
H2N
H
 
10 254 
11 
NH2 
1 260 
12 
N
N
H
 
1 262 
13 
NH2
NH2
 
10 260 
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1H NMR Titration.  Stock solutions of the crosslinker monomer NOBE (1.4, 2.0, and 
2.5 M) were prepared in dry CD3CN containing TMS (1%).  Stock solutions of template (0.007 
M, 0.01 M, or 0.1 M) were prepared in CD3CN containing TMS (1%).  Template concentration 
was kept constant and the monomer concentration was varied.  The chemical shifts of the protons 
on each template were followed and the association constant was calculated either by the Benesi-
Hildebrand equation or by non-linear regression using the equation (1).  Curve fitting was 
performed with the program OriginPro 7.  Relevant data for each template is given in Tables 1-
11 in Apendix C. 
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CHAPTER 4 
 
COMBINATORIAL SYNTHESIS OF MOLECULARLY IMPRINTED POLYMERS 
WITH CATALYTIC ACTIVITY 
 
4.1 Introduction 
Enzymes are biological catalysts that exhibit high catalytic activity, high substrate 
recognition, and stereoselectivty.  These properties are the result of a complex three-dimensional 
arrangement of the functional groups responsible for catalysis.4.1  However, the practical 
application of these biocatalysts faces many difficulties due to their instability against high 
temperature, organic solvents, drastic pH conditions, etc.  As an alternative, the principles of 
enzyme catalysis have been used to design artificial enzyme analogues.4.2  Based on the 
mechanism of enzymatic catalysis, several requisites must be fulfilled in order to obtain a 
synthetic material showing enzyme-like behavior.  These requisites include the presence of a 
cavity with the shape of the substrate or the transition state of the reaction, and functional groups 
that act as binding sites, coenzyme analogues or catalytic groups within the cavity in a defined 
stereochemistry.  To fulfill these requisites several approaches have been used in the design of 
enzyme mimics.  The first approach is based in the use of low molecular weight substances 
including crown ethers,4.3 functionalized cyclodextrins derivatives,4.4 and cyclic peptides bearing 
serine, aspartic acid, and histidine residues at the end chains.4.5 The second approach involves the 
use of synthetic polymers.  Advantages in the use of polymeric systems rely in their stability 
against heat, chemicals, and solvents, and the fact that they can easily be fabricated for industrial 
applications.  Soluble vinyl copolymers containing hydroxyl and imidazole pendant groups have 
been synthesized as mimics of chymotrypsin.4.6  Grafting procedures have also been used to 
introduce side chains containing the desired arrangement of functional groups onto the parent 
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polymer.6  Positioning of the functional groups one after each other has been achieved by 
polycondensation of monomers with the desired linear arrangement of functional groups.  
Although features such as cooperative effects and substrate binding were incorporated in these 
methods, there is not specific mechanism whereby the functional groups could be brought in 
vicinity to one another, and no element of substrate recognition was identified.  As an alternative 
to fulfill the requirements for catalytic activity that is characteristic of native enzymes, the 
methodology of molecular imprinting has been used for the synthesis of enzyme mimics. 
Two different imprinting methodologies have been used to synthesize enzyme mimics: 
(a) imprinting of the substrate or product analogue and (b) imprinting with a transition state 
analogue (TSA).  Imprinting of the substrate or product analogue essentially produces a cavity to 
be used as a micro-reactor for regio- and stereoselective reactions; remarkable results have been 
obtained using this approach.4.7  On the other hand, imprinting with a transition state analogue 
(TSA) to produce synthetic catalysts has been used, analogous to the generation of catalytic 
antibodies which are elicited against the transition state analogue for the reaction to be catalyzed.  
Catalytic antibodies generated in this way showed improved enhancement in catalytic activity 
due to binding stabilization of the transition state of the reaction.  Thus MIPs formulated using 
this approach are expected to exhibit good catalytic properties.  For this purpose, MIPs using a 
TSA as the print molecule have made use of different types of binding site interactions to create 
a catalytic site.  These binding interactions include non-covalent,4.8 covalent,4.9 stoichiometric 
non-covalent,4.10 and metal coordination for bond formation.4.11  With the exception of MIPs 
prepared using stoichiometric non-covalent interactions for binding site formation, artificial 
catalysts prepared using the molecular imprinting approach showed only limited catalytic 
activity compared to native enzymes.  The modest performance in catalytic activity observed for 
 115
MIPs is likely due to the polyclonality of the binding sites, the restricted mass transfer, the 
accessibility to binding sites, and the variable positions of the functional groups within the 
binding site.  
Optimization of all these parameters is difficult considering that most of the research in 
the field of molecularly imprinted polymers has been focused in the development of materials 
with good molecular recognition properties based in the one-sample-one-measurement 
methodology.  Although these studies have lead to a better understanding of the underlying 
mechanisms for the molecular recognition properties exhibited by these materials, the use of the 
combinatorial approach for a rational design and high-throughput synthesis and screening of 
MIPs  is underdeveloped.  A few studies incorporating this approach include the synthesis of 
MIP libraries for determining the best formulation for the specific recognition of triazine 
herbicides,4.12 cinchonidine,4.13 and β-lactam antibiotic penicillin G.4.14  Only one study 
concerning to the use of combinatorial methodologies for the development of molecularly 
imprinted polymers with catalytic activity has been reported.4.15  Therefore the purpose of the 
present study is to take advantage of the combinatorial methodology, in order to optimize the 
performance of catalytic MIPs. 
 
4.2 Specific Goals 
The specific goals for this project were: 
• Synthesis of crosslinking functional monomers derived from natural amino acids. 
• Synthesis of MIP libraries targeted for carbonate hydrolysis and the aldol reaction using 
crosslinking functional monomers derived from natural amino acids. 
• Screening of MIP libraries for catalytic activity 
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4.3 Monomer Design 
Biological macromolecules, such as antibodies and enzymes, benefit from a variety of 
functional groups to afford selective recognition and catalytic properties.  Using a functional 
diversity of twenty amino acids, nature has developed sophisticated mechanisms for the 
synthesis of libraries of molecules, selecting those with a desired biological property.4.16  In 
analogy to this biological process, a "combinatorial" approach has been used to generate large 
libraries of biological molecules in vitro for binding and catalysis.  Improving the catalytic 
activity of molecularly imprinted polymers is anticipated to be achieved by synthesizing 
monomers based in natural aminoacids, and by mimicking the combinatorial processes of nature 
by generating libraries of highly cross-linked protein-like materials.  Previous studies have 
demonstrated that MIPs formulated with functionalized crosslinking monomers derived from 
natural amino acids exhibit improved molecular recognition properties as compared to those 
formulated with non-crosslinking functional monomers.4.17  Thus it was anticipated that the use 
of crosslinking functional monomers derived from natural amino acids would improve the 
performance of MIPs exhibiting catalytic properties.  For this purpose monomers derived from 
L-serine, L-aspartic acid, L-histidine, and L-lysine were designed and synthesized.  These amino 
acids contain functional groups that have been identified as participants in catalytic reactions 
(specifically the catalytic triad of hydrolytic enzymes) and provide end groups that can be 
transformed into polymerizable groups. 
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Figure 4.1  Crosslinking functional monomers proposed 
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4.4 Target Reactions 
Two reactions were targeted to synthesize MIPs with catalytic activity:  (a) hydrolysis of 
carbonates and (b) the aldol reaction.   
 
4.4.1 Hydrolysis of Carbonates 
Ester hydrolysis has been one of the target reactions for the development of synthetic 
catalysts, because the mechanism for esterase enzymes is well known.  According to the reaction 
mechanism, the catalytic triad composed of serine, histidine, and aspartic acid residues is 
responsible of the catalytic activity exhibited by these enzymes.  Thus, to design a mimic of 
esterase enzymes it is necessary to bring in close proximity the functional groups constituting the 
catalytic triad (hydroxyl, carboxylate, and imidazole).  For this purpose, crosslinking functional 
monomers derived from L-serine, L-aspartic acid, and L-histidine will be used to provide the 
functional groups, and imprinting with the transition state analog (TSA) will bring them into the 
vicinity of one another. 
One of the disadvantages of using ester hydrolysis to evaluate the performance of 
synthetic catalysts is that esters form stable anionic products that can act as reaction inhibitors in 
the course of the reaction.  This difficulty is avoided in the hydrolysis of carbonates (scheme 
4.5), which do not form stable anionic products.  Thus, a better assessment on the performance of 
synthetic catalysts can be made.  
Scheme 4.1  Carbonate Hydrolysis 
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O
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4.4.2 Aldol Reaction 
In recent years, the focus of asymmetric aldol reaction strategies has changed to the 
design of asymmetric aldol catalysts.  To obtain an imprinted polymer capable of catalyzing an 
asymmetric aldol reaction, a biomimetic approach will be taken following the mechanistic 
pathway of an enzyme aldolase.  Polymers will be imprinted with a transition state analog of an 
aldol reaction similar to one demonstrated to elicit antibodies capable of catalyzing an 
asymmetric aldol reaction.4.18  Class I aldolases utilize the ε-amino group of a lysine in the active 
site to form a Shiff’s base with one of the substrates, which activates the substrate as an aldol 
donor.  The target reaction is shown in scheme 4.2.  
Scheme 4.2.  Target Aldol Reaction 
H
O
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O
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catalyst
4.7 4.8 4.9 4.10  
 
To form the imprinted polymer, a covalent template that utilizes a Shiff’s base between 
the functional monomer containing a primary amine and the chiral aldol product will be 
synthesized (scheme 4.3). 
Scheme 4.3.  Synthesis of Covalent Template via Shiff’s Base Formationa 
OOH
N
OHNH
O
O
OH
N
NH2
O
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O
a
4.11 4.1 4.12  
aReaction conditions:  (a) p-TsOH/toluene, reflux 
 
To detect catalytic imprinted polymers that follow the mechanistic pathway of a class I 
aldolase, a library of imprinted polymer aldolases using monomers 1,2 and 3 shown in figure 4.3 
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will be synthesized.  Screening of the MIP library will be based in the formation of a stable 
vinylogous amide with the pendant primary amine of the polymer, which absorbs at 316 nm. 
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Figure 4.2  Monomers proposed for mimic of Class I aldolases. 
 
4.5 Monomer Syntheses 
4.5.1  Synthesis of N,O-bismethacryloyl L-Lysine.  Reduction of the α-carboxylic acid group 
in 4.15 afforded the corresponding alcohol 4.16 in 92% yield by chemoselective reduction with 
NaBH4 of the mixed anhydride of the acid, according to the literature.4.19  Catalytic 
hydrogenation4.20 using Pd/C 10% was used to remove the carbobenzoxy group from the α-
amino group of 4.16 to give compound 4.17 in 98% yield.  The resulting amino-alcohol 4.17 was 
double acylated using the general protocol with DCC/DMAP in order to produce compound 4.18 
in 72% yield.  Final deprotection of the ε-amino group was achieved by treatment of compound 
4.18 with HCl/Et2O followed by neutralization with Et3N to give compound 4.1 in 63% yield.  
The overall synthesis for the title monomer is shown in scheme 4.4. 
 
4.5.2 Synthesis of N,O-bismethacryloyl L-Aspartic Acid (4.2). 
Synthesis of the title compound was performed as described in 2.4.2, chapter 2. 
 
4.5.3 Synthesis of N,O-bismethacryloyl Serinol (4.3).  Synthesis of N,O-bismethacryloyl 
serinol (4.3) as shown in scheme 4.5 was achieved by acylation of the serinol hydrochloride 4.19 
with methacryloyl chloride in a molar ratio 1/2.  Because the serinol hydrochloride was insoluble 
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in DCM, EtOAc, CHCl3, and THF the reaction was carried out at in a mixture THF/DMF at 
50ºC/16 h.  After purification, 4.3 was isolated in a 22% yield.  
 
Scheme 4.4.  Synthesis of N,O-bismethacryloyl L-Lysinea 
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a Reaction conditions:  (a) NMM/i-BuCO2Cl/NaBH4, MeOH, -10ºC/15min, rt/30 min.  (b) Pd/C 
10%, MeOH, rt/4h.  (c) MAA/DCC/DMAP, CHCl3, rt/72h.  (d) HCl/Et2O/CHCl3, rt/4h, Et3N. 
 
Scheme 4.5.  Synthesis of N,O-bismethacryloyl Serinola 
H2N OH
OH
HCl . HN
O
OH
O
O
22%
4.19 4.3
a
 
aReaction conditions: (a)  H2C=C(CH3)COCl/Et3N, THF/DMF, 50ºC/16h. 
 
4.5.4 Synthesis of N,O-bismethacryloyl L-Histidine.  As shown in scheme 4.6, the title 
compound was synthesized by double acylation of histidinol 4.20 using the general protocol with 
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DCC/DMAP to give compound 4.4 in a 23% yield.  Attempts to optimize the initial protocol 
involving the double acylation of histidinol with methacryloyl chloride in the presence of 
DCC/DMAP were unsuccessful.  Alternative routes involving L-histidine with the N-im 
protected with the t-Boc group were also attempted, although the intermediate steps gave good to 
moderated yields for the intermediates, the final step which involved the deprotection of the N-
im was always problematic, giving as a result polymerization of the monomer.   
 
Scheme 4.6.  Synthesis of N,O-bismethacryloyl L-Histidinea 
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aReaction conditions:  (a)  MAA/DCC/DMAP/Et3N, DMF, rt/48h 
 
 
Because histidine plays an important role in the catalytic activity of esterase, the presence 
of this unit is essential in the preparation of the artificial catalyst to be prepared using the 
molecular imprinting approach.  As alternative to monomer 4.4 was considered compound 4.21. 
HN
O
N
N
H
O
4.21
O
 
 Compound 4.21 was prepared as shown in scheme 4.7 by acylation of compound 4.22 
under Shotten-Bauman conditions.4.21 
 
4.5.5 Synthesis of N-methacryloyl β-Alanine.  Synthesis of the title compound was 
performed as described in 2.4.6, chapter 2. 
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Scheme 4.7.  Synthesis of N-Methacryloyl Histidine α-Methyl ester 
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4.6 Synthesis of MIP Library 
4.6.1 Synthesis of MIP Library Using Functional Monomers.  In order to optimize 
polymerization conditions, a model library using N-methacryloyl β-alanine (4.23), vinyl 
imidazole (4.24), and hydroxyethylmethacrylate (HEMA) (4.25), as the functional monomers, 
and EGDMA (4.26) as the crosslinker was prepared.  Bis-(4-nitrophenyl) phosphate (4.27), Bis-
(phenyl) phosphate (4.28), and Bis-(4-methoxyphenyl) phosphinic acid (4.29), which mimic the 
TSA (4.31) for the hydrolysis of bis-(4-nitrophenyl) carbonate were used as the imprinted 
molecules.  DMF was chosen as the porogen, because of the insolubility of compound 4.23 in 
CHCl3, and MeCN. 
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Figure 4.4.  Monomers and templates for synthesis of model MIP library. 
 
12 mg of MIPs were prepared photochemically in a 96 wells plate, using the formulations 
shown in Table 4.1.  For compound 4.30, MIPs were formulated with 2% because of its partial 
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solubility in DMF.  Non-imprinted polymers were also included in this library as controls.  For 
this experiment polymerization temperature was set at 20oC and allowed to proceed for 7h.  After 
this period of time formulations containing compound 4.28 as the template turned yellow-brown 
and only partial polymerization was observed.  Formulations containing either compound 4.29 or 
4.30 showed a higher grade of polymerization as compared to those containing 4.28; however, 
the polymerization was not complete. 
 
Table 4.1.  Composition of MIP library using functional monomers.a 
 Composition, % mol 
Form. EGDMA, 4.26 ViIm, 4.23 HEMA, 4.25 NMBA, 4.23 
1 85 5 0 0 
2 85 10 5 0 
3 85 10 0 5 
4 85 5 10 0 
5 85 5 0 10 
6 85 5 5 5 
7 85 0 0 15 
8 85 0 15 0 
9 85 10 5 0 
10 85 0 5 10 
11 80 10 5 5 
12 80 5 10 5 
13 80 5 5 10 
14 70 30 0 0 
15 70 20 5 5 
16 70 15 10 5 
17 70 10 15 5 
18 70 10 10 10 
19 70 5 15 10 
20 70 5 10 15 
21 70 5 20 5 
22 70 5 5 20 
23 70 20 10 0 
24 70 20 0 10 
a For templates 4.28 and 4.29 5% was used.  For template 4.30, 2% was used due to its partial 
solubility in DMF 
 
A second experiment using the same formulations was performed under the same 
conditions, but the distance between the UV lamp and the plate was reduced from 15 cm to 8 cm.  
For this experiment a complete polymerization was observed for controls and formulations 
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containing compounds 4.29 and 4.30 as the templates, partial polymerization was observed for 
some formulations containing compound 4.28.  After polymerization, the template was removed 
by washing the MIP library with pH 8 phosphate buffer/MeOH 1/1, MeOH, and dried under 
vacuum  
 
4.6.2 Synthesis of MIP Library Using Functionalized Crosslinking Monomers.  For the 
synthesis of this library, compounds 4.1-4.3, and 4.21 were used as the functional monomers, 
EGDMA 4.26 and NOBE 4.27 were used as the complementary crosslinking monomer.  Bis(4-
nitrophenyl) phosphate 4.28 which mimics the TSA of 4.31 was chosen as the template.  DMF 
was selected as the porogen, because of the insolubility of compound 4.21 in CHCl3, and MeCN.  
25 mg of MIPs were prepared in a 96 wells plate using the formulations shown in Table 4.2, 
which shows the MIPS prepared with EGDMA.  Similar formulations were also prepared with 
NOBE as the crosslinker.  Precipitation in all formulations containing the monomer derived from 
histidine was observed; addition of more solvent did not dissolve the precipitate. 
The 96 wells plate containing the different formulations was placed in a dry bath at 0oC, 
and the polymerization was initiated using a medium pressure UV lamp.  The polymerization 
was allowed to proceed for 7 h.  After this period of time, reaction mixtures turned yellow-brown 
and partial polymerization or no polymerization in most of the 96 formulations was observed.  
The temperature in the dry bath was increased to 24 oC and the polymerization was allowed to 
proceed 7 h more.  After this second period of time, no change in the wells was observed. 
 
4.7 Screening of MIP Libraries for Hydrolysis of Bis(4-nitrophenyl)carbonate (DPC) 
  
Only the MIP library synthesized using functional monomers was screened for hydrolysis 
of bis(4-nitrophenyl)carbonate, since incomplete polymerization was obtained for the MIP 
library formulated with functionalized crosslinking monomers. 
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Table 4.2: Composition of MIP library using functional crosslinking monomers.a 
 Composition, % mol 
Form. EGDMA, 4.26 Lys, 4.1 His, 4.21 Ser, 4.3 AA, 4.2 
1 80 20 0 0 0 
2 80 15 5 0 0 
3 80 10 5 5 0 
4 80 5 5 5 5 
5 80 15 0 5 0 
6 80 10 0 5 5 
7 80 5 0 10 5 
8 80 15 0 0 5 
9 80 5 0 15 0 
10 80 5 0 0 15 
11 80 0 20 0 0 
12 80 5 15 0 0 
13 80 5 10 5 0 
14 80 10 10 0 0 
15 80 0 15 5 0 
16 80 0 10 10 0 
17 80 0 10 5 5 
18 80 0 10 0 10 
19 80 0 5 0 15 
20 80 0 0 20 0 
21 80 5 0 15 0 
22 80 5 5 10 0 
23 80 0 10 10 0 
24 80 0 5 10 5 
25 80 0 0 15 5 
26 80 0 0 0 20 
27 80 0 0 5 15 
28 80 0 5 5 10 
29 80 0 0 10 10 
30 80 5 0 5 10 
31 80 10 0 0 10 
32 80 15 0 0 5 
33 60 20 10 10 0 
34 60 20 10 0 10 
35 60 10 20 10 0 
36 60 10 20 0 10 
37 60 0 10 20 10 
38 60 0 10 10 20 
39 60 10 0 20 10 
40 60 10 0 10 20 
41 20 20 20 20 20 
42 20 20 20 20 20 
43 100 0 0 0 0 
44 80 0 0 0 0 
45 80 5 5 5 5 
46 80 0 10 5 5 
47 80 0 5 10 5 
48 80 0 5 5 10 
a Template 4.28 was used in 5%.  2% of AIBN was used as the initiator. 
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Scheme 4.8.  Hydrolysis of Bis(4-nitrophenyl)carbonate Catalyzed by MIPs. 
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Because MIPs were prepared in a 96 wells plate, and the reaction product absorbs at 400 
nm, a high-throughput screening of the MIP library was attempted by selecting an appropriate 
solvent to carry out the hydrolysis in each well.  To avoid interference from the polymeric 
material, the appropriate solvent should match the ηd of the polymeric matrix.4.22  The best 
candidates considering that EGDMA polymers have a ηd= 1.488 correspond to toluene ηd = 
1.4961, DMSO ηd= 1.4790, pyridine ηd= 1.51, CHCl3 ηd= 1.4459, and HMPA ηd= 1.4580.  
Although toluene gave the best results in matching the ηd of the MIPs, no hydrolysis of DPC was 
observed and addition of small amounts of buffer produced a suspension.   
Optimization of the reaction conditions revealed that DPC hydrolysis is a pH dependent 
reaction.  High pH (e.g. 8.00) and the use of protic buffers (e.g. phosphates) gave complete self-
hydrolysis of DPC.  Optimal conditions for screening of DPC hydrolysis were found using a 
mixture MeCN/ HEPES buffer (pH=7.3, 50 mM) 2/1, at rt for 16 h.  After this period of time, 
aliquots of the reaction mixture were transferred to another 96 well plate and the intensity of the 
p-nitrophenolate at 400 nm was measured in a microtiter plate reader.  Only MIPs imprinted with 
the TSA 4.28 showed absorbance at 400 nm.  No hydrolysis of DPC was observed for MIPs 
imprinted with compounds 4.29 and 4.30.  Most of the MIPs formulated with 4.28 as the imprint 
molecule and the corresponding controls indicated hydrolysis of DPC; however, controls 
corresponding to formulations 5, 6, 9, 10, 11, 12, and 24 (Table 4.1), gave a small absorbance at 
400 nm.  These formulations were chosen for further study, prepared in bulk according to the 
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usual protocol, and then evaluated for their hydrolytic activity.  Monitoring of the hydrolysis of 
DPC using the MIPs chosen as the catalyst, revealed that only formulations 5, 6, 10, and 12 
exhibited a slight improvement in catalytic activity as compared to the corresponding controls.  
Determination of the initial rates for DPC hydrolysis, showed that the catalytic activity for 
control polymers was higher, compared to the imprinted polymers, with the exception of 
formulation 5, which gave an initial rate equal to its control (table 4.3).  This study also showed 
that MIPs containing vinyl imidazole gave higher hydrolysis rates than those that do not contain 
this functional monomer and that an increase on the number of functional groups from 15% to 
30% (form # 12, table 4.3) gave a 2 fold improvement in the hydrolysis rate.  The rate increase 
was attributed to the polymers used as catalysts since an initial rate of 0.3 x 10-3 mol/L-min was 
obtained for a control reaction performed under the same conditions without polymers.  Plots for 
hydrolysis reaction using the selected MIPs are shown in figure 4.5. 
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Figure 4.5.  DPC hydrolysis reaction using selected MIPs. 
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Table 4.3. Initial rates observed for hydrolysis of DPC catalyzed by MIPs.a 
 Composition, % mol  
Form. 
# 
EGDMA 
4.26 
Vi-Im 
4.24 
HEMA 
4.25 
NMBA 
4.23 
MIP 
vi x 10-3 
(mol/L-min) 
Control 
vi x 10-3 
(mol/L-min) 
5 85 5 0 10 1.51 1.52 
6 85 5 5 5 1.07 1.59 
10 85 0 5 10 0.41 0.47 
12 70 20 0 10 2.95 4.55 
a Initial rates were calculated for a 0.0143 M DPC concentration. 
 
The behavior observed in this study indicate the following:   
1. The catalytic properties of MIPs produced in small scale cannot be extrapolated to a large 
scale bulk polymerization. 
2. Binding sites with different catalytic properties are formed as a result of the complexes 
formed prior to polymerization.  The phosphonic group is one of the strongest hydrogen 
bonding donors, thus it will form stable complexes with the imidazole, the carboxylic 
acid, and the hydroxyl groups provided by the functional monomers.  Stronger complexes 
with the imidazole and carboxylic acid groups are expected to be formed as compared to 
complex formation with the hydroxyl group.  However, the possibility of forming 1:2 
complexes (figure 4.6) is smaller, versus the predominant 1:1 complex formation.  This 
fact greatly reduces the possibility of bringing in close proximity the functional groups 
needed to form the catalytic triad, reducing as a consequence the catalytic properties of 
the MIPs. 
3. The fact that control polymers exhibited better catalytic properties as compared to their 
corresponding MIPs, may be the result of non-specific interactions due to the random 
distribution of the functional groups into the polymeric network, as a consequence of 
their differences in reactivity.  
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Figure 4.6.  Phosphonic acid complexes. 
Based on these results, a second approach by forming metal ion complexes prior to 
polymerization was used in order to bring the functional monomers in close proximity.   This 
method has been used successfully by Leonard4.11a and Lele et al4.11e who prepared imprinted 
polymers exhibiting enzyme-like catalytic activity 
MIPs with formulations 5, 6, 10, and 12 were synthesized using Co2+ to position the 
imidazole, carboxyl, and hydroxyl groups in close proximity within the polymeric network.  
Complexes between the template 4.28, Co2+, and the corresponding functional monomers were 
prepared in MeOH and then copolymerized with EGDMA (table 4.4).  After polymerization, 
polymers were cured at 50 ºC/12 h, the Co-template complex was removed by Soxhlet extraction 
with MeOH, followed by grinding and successive washing with bypyril until no more Co2+ was 
present.  The resulting material was then washed with MeOH and dried under vacuum.  
Preliminary evaluation of the hydrolytic activity of these materials for hydrolysis of DPC based 
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on a time dependent experiment, showed improved catalytic activity of the MIPs with respect to 
the controls as compared to those MIPs where metal complexation was not used. 
Table 4.4.  Composition for MIPs prepared via metal complexation. 
 Composition, % mol  
Form. 
# 
EGDMA 
 
Vi-Im 
4.24 
HEMA 
4.25 
NMBA 
4.23 
CoCl2.6H2O 
% 
4.28 
% 
5 85 5 0 10 5 5 
6 85 5 5 5 5 5 
10 85 0 5 10 5 5 
12 70 20 0 10 5 5 
 
4.8 Conclusions 
 The use of the combinatorial approach with parallel synthesis of 96 samples prepared in a 
microtiter plate was used to evaluate MIPs for catalytic activity using a high-throughput 
screening.  However, the results from the MIP library screening could not extrapolated to the 
corresponding scaled up formulations, as observed by their lack of catalytic activity.  Among 
other factors related to the polymerization process, the lack of catalytic activity in MIPs was 
attributed to the limitations of the non-covalent approach for bringing in close proximity the 
functional groups needed for catalysis.  The second approach using metal complexation appears 
to be a more promising system for this purpose, although optimization and determination of the 
kinetic parameters are required. 
 
4.9 Future Work 
• Optimization of MIPs library synthesis using metal complexation to position the 
functional groups in the right arrangement within the binding site. 
• Determination of kinetic parameters for DPC hydrolysis catalyzed by MIPs. 
• Synthesis of templates for MIPs Class I aldolases. 
• Synthesis and screening of MIP Class I aldolases libraries. 
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• Determination of kinetic parameter for aldol reaction catalyzed by MIP Class I aldolase. 
 
4.10 Experimental 
General.  Unless otherwise indicated, chemicals were purchased from Aldrich and used 
without further purification.  Solvents were obtained from commercial suppliers and used as is.  
Reactions under anhydrous conditions were performed in dry glassware under N2 atmosphere.  
Reactions were monitored by thin-layer chromatography using 0.25 mm Aldrich Silicagel Glass 
Plates (60F-254), fractions being visualized by UV light and iodine.  Column chromatography 
was carried out with Silicagel (30-32 µm). All reported yields were determined after purification.  
NMR spectra (1H, 13C) were obtained on a Bruker AC-250. Chemical shifts (δ) are given in ppm 
relative to CDCl3 (7.27 ppm, 1H; 77.00 ppm, 13C).  FT-IR spectra were obtained on a Nicolet 
AVATAR 320 FT-IR as neat samples unless otherwise indicated.  UV absorbance was read on a 
Molecular Devices Spectra Max Microplate Reader.  
N-α-Cbz-N-ε-Boc-α-L-Lysinol (4.16).  To a stirred solution of the N-protected 
aminoacid 4.15 (0.969g, 3 mmol) in dry THF (15 ml) at –10 ºC, N-methylmorpholine (0.334g, 
3.3 mmol) was added, followed by isobutyl chloroformate (0.451g, 3.3 mmol).  After 10 min. 
NaBH4 (0.34g, 9 mmol) was added in one portion.  Then dry MeOH (30 mL) was added 
dropwise to the mixture over a period of 10 min. at 0°C.  The solution was stirred for additional 
10 min and then the pH was adjusted to 5-6 with 1N HCl.  The organic solvent was evaporated 
under reduced pressure and the product was extracted with EtOAc (3 x 20 mL).  The organic 
phase was washed with 1N HCl (12 mL), H2O (30 ml), 5% NaHCO3 (15 mL), H2O (2 x 30 mL), 
dried over MgSO4, and the solvent evaporated under reduced pressure.  The alcohol was 
precipitated as a white solid in 91% yield from a mixture CHCl3/Hexanes.  1H NMR (CDCl3, 250 
MHz): δ 7.28-7.32 (5H, m), 5.29-5.32 (1H, d), 5.07 (2h, s), 4.72 (1H, m), 3.58-3.64 (3H, m), 
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3.06-3.08 (3H, m), 1.35-1.55 (15H, m). 13C NMR (CDCl3, 62.5 MHz): δ 157.19, 156.82, 136.86, 
128.92, 128.51, 79.68, 67.16, 65.15, 53.35, 40.15, 30.95, 30.27, 28.82, 23.07.  FT-IR (cm-1):  
3336.53, 2934.74, 2864.09, 1696.79, 1539.02, 1455.86, 1366.01, 1251.71, 1169.94, 1074.36, 
1027.37, 754.29.  LRMS (FAB)  (M + H+) calcd. 366.22, found 367.5. 
N-ε-Boc-L-Lysinol (4.17).  Nitrogen gas was bubbled trough a solution of the protected 
aminoalcohol 4.16 (0.157g, 0.43 mmol) dissolved in 4 mL of MeOH for 15 min.  Pd/C 10% 
(0.025g) was added and H2 introduced above the reaction mixture at atmospheric pressure.  After 
4 h the mixture was filtered trough Celite and the filtrate concentrated under reduced pressure.  
After evaporation of the solvent the deprotected aminolacohol 3 was obtained as a white solid in 
a 98% yield.  1H NMR (CDCl3, 250 MHz): δ 5.73 (1Η, s), 5.09 (1H, s), 3.52-3.74 (2H, m), 3.04-
3.14 (3H, m), 1.36-1.54 (15H, m).   13C NMR (CDCl3, 62.5 MHz): δ  156.73, 79.46, 75.20, 
63.29, 53.79, 40.23, 30.81, 30.19, 28.86, 23.25.  FT-IR (cm-1):  3376.54, 2980.22, 2938.98, 
1686.00, 1521.97, 1456.62, 1443.81, 1364.90, 1271.44, 1246.10, 1171.78, 1045.00.  LRMS 
(FAB)  (M + H+) calcd. 232.32, found 233.5. 
N,O-bismethacryloyl-N-ε-Boc-L-Lysine (4.18).  In a round bottom flask the amino 
alcohol 4.17, (0.555g, 2.4 mmol) was dissolved in CHCl3 (35 mL).  To this solution were added 
methacrylic acid (0.452g, 5.25 mmol) and DMAP (0.064g, 0.52 mmol).  After 5 min, DCC 
(1.084g, 5.25 mmol) was added and stirred for 3 days at room temperature.  The solvent was 
evaporated under vacuum, and the residue was recovered with EtOAc (50 mL). DCU was 
filtered, washed with EtOAc (2 x 25 mL) and the organic phase was extracted with 0.5 M 
NaHCO3 (2 x 35 mL), 0.5 M sodium citrate (2 x 35 ml), dried over MgSO4, and the solvent 
evaporated under vacuum, giving a pale yellow oil.  The product was isolated by flash 
chromatography on silica gel using EtOAc/hexane 60/40 in a 73% yield.  1H NMR (CDCl3, 250 
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MHz): δ  6.02-6.07 (2H, m), 5.63 (1H, s), 5.56 (1H, s), 5.29 (1H, s), 4.69 (1H, m), 4.04-4.33 
(3H, m), 3.03-3.11 (2H, m), 1.9-1.91 (6H, m), 1.39-1.59 (15H, m).  13C NMR (CDCl3, 62.5 
MHz): δ  168.74, 167.91, 156.51, 140.36, 136.25, 126.61, 120.01, 79.61, 66.43, 48.95, 40.53, 
31.64, 30.01, 28.79, 23.33, 19.07, 18.69.  FT-IR:  3332.74, 2977.11, 2930.80, 2862.30, 1716.89, 
1656.53, 1530.07, 1455.03, 1365.77, 1296.15, 1252.51, 1170.33, 1014.46, 940.50, 652.78.  
LRMS (FAB)  (M + H+) calcd. 368.23, found 369.1. 
N,O-bismethacryloyl-L-Lysine (4.1).  Under N2 atm, compound 4 (0.163g, 0.44 mmol) 
was dissolved in 1 mL of dry CHCl3 and then 5 mL of 2M HCl/Et2O were added, the reaction 
mixture was stirred at rt/4h.  After this period of time, the solvent was decanted and the residue 
washed with Et2O (3 x, 15 mL).  The resulting residue was dissolved in 2 mL of MeOH, treated 
with Et3N until pH = 8, followed by the addition of H2O (4 mL).  The mixture was extracted with 
CHCl3 (3x, 5 mL), the organic extracts were combined, dried over MgSO4 and the solvent 
evaporated under vacuum. The title compound was obtained as a clear oil in a 63% yield.  1H 
NMR (CDCl3, 250 MHz): δ 6.02-6.08 (2H, m), 5.63 (1H, s), 5.56 (1H, s), 5.29 (1H, s), 4.09-4.33 
(3H, m), 2.65-2.672 (2H, m), 2.37 (2H, s), 1.90-1.92 (6H, m), 1.29-1.52 (6H, m).  13C NMR 
(CDCl3, 62.5 MHz): δ 168.63, 167.94, 140.42, 136.29, 126.61,119.97, 66.42, 49.09, 42.04, 
31.86, 30.01, 23.52, 19.07, 18.72.  13C NMR (CDCl3, 62.5 MHz): 168.63, 167.94, 140.42, 
136.29, 126.61, 119.97, 66.41, 49.08, 42.04, 31.86, 30.01, 23.52, 19.07, 18.72.  FT-IR (cm-1):  
3291.18, 2930.91, 2860.09, 1717.14, 1642.22, 1616.38, 1539.99, 1456.27, 1320.75, 1297.11, 
1170.98, 937.70, 732.62.  LRMS (FAB)  (M + H+) calcd. 269.18, found 269.2. 
N,O-bis-methacryloyl Serinol (4.3):  A solution of serinol hydrochloride (0.911g, 10 
mmol) and Et3N (4.047g, 5.6 mL, 40 mmol) in 30 mL of a mixture THF/DMF 2/1 was cooled to 
0ºC. Methacryloyl chloride (2.61g, 25 mmol) was added dropwise over a period of 1h with 
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stirring, keeping the temperature between 0-3 ºC. The reaction mixture was allowed to warm to 
50ºC and kept at this temperature for 16 h.  After this period, the reaction mixture was cooled 
down and the precipitate filtered.  The solvent was evaporated under vacuum and the residue 
recovered with EtOAc (25 mL).  The organic phase was washed with 0.5M NaHCO3 (2 x 20 
mL), 0.5M Sodium Citrate (2 x 20 mL), dried over MgSO4, filtered and the solvent evaporated 
under vacuum. The residue was purified by flash chromatography on silica gel using as eluent 
EtOAc/Hex 50/50, EtOAc 100% to give a compound 4.3 as a yellow liquid in a 22% yield.  1H 
NMR (CDCl3, 250 MHz): δ 6.63-6.66 (1H, d), 5.98 (1H, s), 5.59 (1H, s), 5.47 (1H, s), 5.22 (1H, 
s), 4.11-4.27 (3H, m), 3.53-3.68 (2H, m), 1.87-1.82 (5H, m).  13C NMR (CDCl3, 62.5 MHz): δ  
169.33, 168.02, 139.86, 136.11, 126.78, 120.70, 63.40, 61.65, 50.89, 18.87, 18.53.  FT-IR 3362 
(br), 2956.72, 2928.3, 2888.15, 1718.91, 1653.22, 1457.10, 1405.08, 1376.88, 1323.59, 1297.04, 
1167.88, 1053.70, 1014.05, 940.57, 813.9, 655.28.  LRMS (FAB)  (M + H+) calcd. 228.26, found 
228.1. 
N,O-bismethacryloyl-L-Histidine (4.4).  Histidinol dihydrochloride (6) (0.214g, 1 
mmol) was dissolved in 12 mL of a dry mixture of Et3N/DMF, 2/10 and cooled at 0 ºC.  To this 
solution, DMAP (0.030g, 0.25 mmol) and BHT (0.050g) were added followed by dropwise 
addition of methacryloyl chloride (0.266g, 2.5 mmol).  The reaction mixture was stirred 30 min 
more at 0 ºC and then the temperature was increased to rt.  The reaction mixture was allowed to 
react 24 h.  2mL of H2O were added to quench the reaction, the aqueous phase was extracted 
with EtOAc (3 x, 15 mL), the organic extracts were combined and washed with 0.5 M NaHCO3 
(2 x  20 mL) and 0.5 M Sodium Citrate (2 x 20 mL).  The solvent was evaporated under vacuum 
giving a yellow oil.  The title compound was isolated in a 23 % yield by flash chromatography 
on silica gel with EtOAc/MeOH 80/20 as the eluent.  1H NMR (CDCl3, 250 MHz): δ 8.01 (1H, 
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s), 7.29 (1H, s), 6.07 (1H, s), 5.86 (1H, s), 5.73 (1H, s), 5.64 (1H, s), 5.55 (1H, s), 4.53 (1H, s), 
4.02-4.18 (2H, m), 2.87-2.89 (2H, m), 1.90-1.95 (6H, d). 
N-methacryloyl-L-Histidine α-Methyl Ester (4.21).  The title compound was 
synthesized in 44% yield following the protocol reported by Cho4.21  1H NMR (D2O, 250 MHz): 
7.56 (1H, s), 6.81 (1H, s), 5.50 (1H, s), 5.31 (1H, s), 4.55-4.58 (1H, m), 3.61 (3H, s), 2.92-3.11 
(2H, m), 1.74 (3H, s). 
MIP Library for Non-Functionalized Crosslinking Monomers:  Stock solutions for 
each compound were prepared in dry DMF as the solvent, degassed with Ar/5 min and then 
capped until ready to use.  The molar concentration for each solution is: 1 M solution were 
prepared for 1-vinyl imidazole, hydroxy ethylmethacrylate (HEMA), N-methacryloyl β-alanine, 
Bis-(4-nitrophenyl) phosphate, Bis-(phenyl) phosphate, Bis-(4-methoxyphenyl) phosphinic acid 
and 0.4 M AIBN.  The formulations were prepared for a total of 60 µmols for monomer 
composition, 5 % µmol for template and 2% µmol for initiator.  Appropriate amounts of each 
solution were transferred to each well under Ar atmosphere.  Typical formulation:  3 µL (3 
µmmol) of 1 M Bis-(4-nitrophenyl) phosphate were charged in well A1, followed by 3 µL (3 
µmmol) of 1 M 1-vinyl imidazole, 3 µL (3 µmmol) of 1 M hydroxy ethylmethacrylate (HEMA), 
3 µL (3 µmmol) of N-methacryloyl β-alanine, 9.6 µL of EGDMA, and 3 µL (1.2 µmmol) of 0.4 
M AIBN.  In this library, 24 formulations were prepared with Bis-(4-nitrophenyl) phosphate as 
the template, 24 formulations with Bis-(phenyl) phosphate as the template, 24 formulations with 
Bis-(4-methoxyphenyl) phosphinic acid as the template, and 24 formulations with no template 
added. Table 4.6 shows the µmol composition for each formulation.  After all wells were filled 
with the corresponding solutions, the plate was covered with a glass plate, sealed with Teflon 
tape and parafilm and shaked for 10 min.  Then it was placed in a dry bath at 20 °C, and a 
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standard laboratory UV light source (medium pressure 450 W mercury arc lamp) jacketed in a 
borosilicate double-walled immersion well was placed on top of the plate at a distance of 8 cm.  
The polymerization was initiated and the temperature maintained by both the cooling jacket 
surrounding the lamp and the dry bath holding the 96 wells plate.  The polymerization was 
allowed to proceed for 7 h.  Removal of the template was achieved by successive washings of the 
polymer in each well with pH 8 phosphate buffer/MeOH 1/1 until a colorless solution was 
obtained, followed by washings with MeOH, and then dried under vacuum. 
Table 4.6.  Molar composition for MIP library prepared with non-crosslinking functional 
                  monomers. 
 µmol 
Form. EGDMA Vi-Im HEMA NMBA Template AIBN 
1 51 9 0 0 3 1.2 
2 51 6 3 0 3 1.2 
3 51 6 0 3 3 1.2 
4 51 3 6 0 3 1.2 
5 51 3 0 6 3 1.2 
6 51 3 3 3 3 1.2 
7 51 0 0 9 3 1.2 
8 51 0 9 0 3 1.2 
9 51 6 3 0 3 1.2 
10 51 0 3 6 3 1.2 
11 51 6 3 3 3 1.2 
12 48 3 6 3 3 1.2 
13 48 3 3 6 3 1.2 
14 48 18 0 0 3 1.2 
15 42 12 3 3 3 1.2 
16 42 9 6 3 3 1.2 
17 42 6 9 3 3 1.2 
18 42 6 6 6 3 1.2 
19 42 3 9 6 3 1.2 
20 42 3 6 9 3 1.2 
21 42 3 12 3 3 1.2 
22 42 3 3 12 3 1.2 
23 42 12 6 0 3 1.2 
24 42 12 0 6 3 1.2 
HEMA = Hydroxyethyl methacrylate; NMBA = N-methacryloyl β-alanine; DNP = Bis-(4-
nitrophenyl) phosphate 
 
MIP Library for Functionalized Crosslinking Monomers:  Stock solutions for each 
compound were prepared in dry DMF as the solvent, degassed with Ar/5 min and then capped 
until ready to use.  The molar concentration for each solution are the following: 1.20 M N,O-
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bismethacryloyl L-lysine, 1.2 M N-methacryloyl L-histidine α-methyl ester, 1.2 M N,O-
bismethacryloyl L-serine, 1.2 M N,O-bismethacryloyl L-aspartic acid, 1.99 M Bis-(4-
nitrophenyl) phosphate, 0.79 M AIBN, 3.84 M EGDMA, and 3.84 M NOBE.  The formulations 
were prepared for a total of 120 µmols for monomer composition, 5 % µmol for template and 2% 
µmol for initiator.  Appropriate amounts of each solution were transferred to each well under Ar 
atmosphere.  Typical formulation: 3 µL (6 µmmol), of 1 M Bis-(4-nitrophenyl) phosphate were 
charged in well A1, followed by 5 µL (6 µmmol), of 1.20 M N,O-bismethacryloyl L-lysine, 5 µL 
(6 µmmol) of 1.2 M N-methacryloyl L-histidine α-methyl ester, 5 µL (6 µmmol) of 1.2 M N,O-
bismethacryloyl L-serinol, 5 µL (6 µmmol) of 1.2 M N,O-bismethacryloyl L-aspartic acid, 25 µL 
(96 µmmol) of 3.84 M EGDMA, and 3µL (2.4 µmmol) of 0.79 M AIBN.  In this library, 48 
formulations were prepared with EGDMA as the crosslinker, and 48 formulations with NOBE as 
the crosslinker.  Table 4.7 shows the µmol composition for each formulation.  The 
polymerization and template removal was performed as described for the MIP Library for Non-
Functionalized Crosslinking Monomers. 
MIP Library Formulation (Bulk Polymerization):  Formulations 5, 6, 9, 10, 11, 12, 
and 24 in Table 4.8 were prepared in 13 x 100 mm test tubes according to the following 
procedure: After preparing each mixture, the resulting solutions were purged by bubbling 
nitrogen gas into the mixtures for 5 min, then capped and sealed with teflon tape and parafilm.  
The samples were inserted into a photochemical turntable reactor, which was immersed in a 
constant temperature bath.  A standard laboratory UV light source (medium pressure 450 W 
mercury arc lamp) jacketed in a borosilicate double-walled immersion well was placed at the 
center of the turntable.  The polymerization was initiated photochemically at 20°C and the 
temperature maintained by both the cooling jacket surrounding the lamp and the constant  
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Table 4.7.  Molar composition for MIP prepared with functionalized crosslinking monomers. 
 µmol 
Form. EGDMA N,O-Lys N-His N,O-Ser NOAA Template AIBN 
1 96 24 0 0 0 6 2.4 
2 96 18 6 0 0 6 2.4 
3 96 12 6 6 0 6 2.4 
4 96 6 6 6 6 6 2.4 
5 96 18 0 6 0 6 2.4 
6 96 12 0 6 6 6 2.4 
7 96 6 0 12 6 6 2.4 
8 96 18 0 0 6 6 2.4 
9 96 6 0 18 0 6 2.4 
10 96 6 0 0 18 6 2.4 
11 96 0 24 0 0 6  
12 96 6 18 0 0 6 2.4 
13 96 6 12 6 0 6 2.4 
14 96 12 12 0 0 6 2.4 
15 96 0 18 6 0 6 2.4 
16 96 0 12 12 0 6 2.4 
17 96 0 12 6 6 6 2.4 
18 96 0 12 0 12 6 2.4 
19 96 0 6 0 18 6 2.4 
20 96 0 0 24 0 6 2.4 
21 96 6 0 18 0 6 2.4 
22 96 6 6 12 0 6 2.4 
23 96 0 12 12 0 6 2.4 
24 96 0 6 12 6 6 2.4 
25 96 0 0 18 6 6 2.4 
26 96 0 0 0 24 6 2.4 
27 96 0 6 6 18 6 2.4 
28 96 0 0 6 12 6 2.4 
29 96 0 0 0 12 6 2.4 
30 96 6 0 6 12 6 2.4 
31 96 12 0 0 12 6 2.4 
32 96 18 0 0 6 6 2.4 
33 72 24 12 12 0 6 2.4 
34 72 24 12 0 12 6 2.4 
35 72 12 24 12 0 6 2.4 
36 72 12 24 0 12 6 2.4 
37 72 0 12 24 12 6 2.4 
3 8 72 0 12 12 24 6 2.4 
39 72 12 0 24 0 6 2.4 
40 72 12 0 12 18 6 2.4 
41 41 36 18 18 0 6 2.4 
42 41 36 18 0 18 6 2.4 
43 41 18 36 18 0 6 2.4 
44 41 18 36 0 18 6 2.4 
45 41 0 18 36 18 6 2.4 
46 41 0 18 18 36 6 2.4 
47 41 18 0 36 18 6 2.4 
48 41 18 0 18 36 6 2.4 
N,O-Lys = N,O-bismethacryloyl L-lysine; N-His = N-methacryloyl L-histidine α-methyl ester; 
N,O-Ser = N,O-bismethacryloyl L-serinol; NOAA = N,O-bismethacryloyl L-aspartic acid 
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temperature bath holding the entire apparatus.  The polymerization was allowed to proceed for 
10 h.  Removal of the template was achieved by Soxhlet extraction with MeOH/48h.  MIPs were 
ground and the fraction between 25-38 µm was collected and washed with pH 8.0 phosphate 
buffer/MeOH 1/1, until no more template was present.  The resulting material was washed 
successively with MeOH, dried under vacuum, and then used to catalyze the DPC hydrolysis. 
Table 4.8.  Molar formulations for selected MIPs. 
Form
. 
EGDMA  vinyl imidazole HEMA  NMBA  AIBN  DNP  DMF 
 g mmol g mmol g mmol g mmol g mmol g mmol mL 
5 1.6511 8.33 0.0461 0.49 0 0 0.154 0.98 0.0328 0.2 0.1701 0.5 2 
6 1.6511 8.33 0.0461 0.49 0.0637 0.49 0.077 0.49 0.0328 0.2 0.1701 0.5 2 
9 1.6511 8.33 0.0922 0.98 0.0637 0.49 0 0 0.0328 0.2 0.1701 0.5 2 
10 1.6511 8.33 0 0 0.0637 0.49 0.154 0.98 0.0328 0.2 0.1701 0.5 2 
11 1.554 7.84 0.0922 0.98 0.0637 0.49 0.077 0.49 0.0328 0.2 0.1701 0.5 2 
12 1.554 7.84 0.0461 0.49 0.1275 0.98 0.077 0.49 0.0328 0.2 0.1701 0.5 2 
24 1.3597 6.86 0.1844 1.96 0 0 0.154 0.98 0.0328 0.2 0.1701 0.5 2 
HEMA = Hydroxyethyl methacrylate; NMBA = N-methacryloyl β-alanine; DNP = Bis-(4-
nitrophenyl) phosphate 
 
Screening of MIPs Library for DPC Hydrolysis.  To each well were added 100 µL of a 
0.0143 M DPC/MeCN solution and 50 µL of HEPES buffer (pH =7.3, 10 mM).  The plate was 
shaken at rt/16 h.  After this period of time, aliquots of 50 µL from each well were transferred to 
another 96 wells plate, diluted with 50 µL of MeCN, and the absorbance at 400 nm measured in 
a microtiter reader. 
DPC Hydrolysis (Measurement of Initial Rate):  In a 2 mL centrifuge tube with screw 
cap were added 20 mg of MIP (25-38 µm), 700 µL of 0.0143 M DPC solution, and 350 µL of 
HEPES buffer solution (pH = 7.0, 50 mM).  The reaction mixture was stirred at rt in a Vortex-
Genie 2.  At different intervals of time the reaction mixture was centrifuged, and aliquots of 50 
µL of the reaction mixture were transferred to a 96 wells plate, diluted with 50 µL of MeCN, and 
the absorbance at 400 nm measured. 
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MIPs Prepared by Metal Complexation.  Typical Procedure.  In a 13 x 100 mm test 
tube, (0.119g, 0.5 mmol) of CoCl2.6H2O was dissolved in 2 mL of anhydrous MeOH.  To this 
solution were added 1-vinyl imidazole (0.046g, 0.49 mmol) and N-methacryloyl β-alanine 
(0.154g, 0.98 mmol).  The solution was purged by bubbling nitrogen gas into the mixture for 5 
min, capped and shaken for 1 h at rt.  Then bis-(4-nitrophenyl) phosphate (0.17g, 0.5 mmol) was 
added, the solution was purged again capped and shaked for another hour.  At the end of this 
period, EGDMA (1.651g, 8.33 mmol) and AIBN (0.033g, 0.2 mmol) were added.  For 
comparison another polymer was prepared using the formulation above but without the template.  
Polymerization was carried out following the procedure described above.  After polymerization, 
samples were cured at 50°C/12h.  Removal of the Co-template complex was achieved by Soxhlet 
extraction with MeOH/48h.  MIPs were ground and the fraction between 25-38 µm was collected 
and washed with 2 M bipyridyl solution in MeOH/water until no more Co2+ was present.  The 
resulting material was washed successively with MeOH, dried under vacuum, and then used to 
catalyze the DPC hydrolysis. 
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CHAPTER 5 
 
MOLECULAR BIOIMPRINTING OF CATALYTIC ANTIBODY Ab 38C2 
 
5.1 Introduction 
Molecular bioimprinting is a technique that has been used to change the properties of 
enzymes, non-enzymatic proteins and other macromolecules maintaining those properties in 
water-poor media.5.1   In non-aqueous media, imprinted enzymes exhibit an enhanced thermal 
stability or an increased substrate specificity due mainly to an increase in the enzyme's 
conformational rigidity; giving as a consequence a ligand-induced enzyme "memory" effect.  
This effect is created by a ligand bound to the enzyme that induces a conformational change in 
the active site of the enzyme that is preserved when exposed to organic solvents.5.2   Several 
bioimprinting methodologies have been developed for "locking in" the new conformation; these 
include lyophilization,5.2 precipitation,5.3 and crosslinking5.4 of the protein in the presence of the 
targeted substrate.  For imparting stereochemical information, it is not necessary to use a 
transition state analog, rather, the desired product has been shown to work.5.2,5.3  The method of 
lyophilizing, or "freeze drying" a protein in the presence of a ligand has been the most frequently 
used, due in part to the ease and generality of the procedure.  Scheme 5.1 illustrates a simple 
cartoon representation of the normal enzyme catalyzed reaction.  The enzyme on the left 
catalyzes the joining of two halves of the final product molecule (Ez refers to the enzyme; 1, 2 
refer to substrates, and 3 refers to the reaction product).   
 
Scheme 5.1.  Conceptual Diagram of the Normal Interactions for an Enzyme Catalyzed 
Reaction. 
 
+ Ez Ez Ez Ez
1 
2 
1
2
3 3 
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Lyophilizing the enzyme in the presence of 3 under buffered conditions is anticipated to 
impart the enzyme with a new conformational architecture, represented with a square scaffold 
and square binding site in scheme 5.2. 
 
Scheme 5.2.  Conceptual Diagram of the Bioimprinting Scheme Using the Lyophilization 
Method. 
 
Once the "new" conformational form of the enzyme is obtained as the lyophilized 
product, the substrate 3 is removed by successive washings with an appropriate solvent.  The 
modified enzyme now can be used for catalysis in organic solvents (scheme 5.3). 
 
Scheme 5.3.  Conceptual Diagram of the Bioimprinted Enzyme Catalyzed Reaction. 
 
Although this technique has been used successfully for improving the performance of 
enzymes in non-aqueous media, it has not been applied to antibodies, either to improve binding 
of the ground state of molecules or to improve specificity or activity of catalytic antibodies.   
Catalytic antibodies are biological catalysts designed to catalyze reactions with a 
transition state similar to the transition state for a specific reaction.  These catalysts have been 
developed using transition state analogs as antigens to stimulate mammalian cells to synthesize 
complementary antibodies.  However, the process of developing catalytic antibodies is long and 
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expensive, and most of the catalytic antibodies are slow and show poor selectivity.  As an 
alternative, it was envisioned that molecular bioimprinting could be used as a methodology that 
will improve the performance of catalytic antibodies that are slow catalysts or show poor 
selectivity.  The advantages of the bioimprinting method are that it is a fast, easy, and 
inexpensive way to improve the performance of catalytic antibodies.   
To test this hypothesis, the aldol condensation reaction, one of the most important 
reactions in the synthesis of chiral molecules was targeted.  Biocatalysts for the aldol reaction 
involving enzymes and antibodies have been studied; however, enzymatic catalysts accept only a 
limited range of substrates.5.5  On the other hand, an antibody aldolase that catalyze the aldol 
reaction was obtained by eliciting antibodies to the transition state analog shown in Figure 5.1.  
This antibody developed by Lerner and Barbas5.6 shows remarkable substrate tolerance and can 
catalyze a larger number of aldol reactions, in addition to the one that the hapten was designed 
for.  These features along with its commercial availability make the catalytic antibody Ab 38C2 
an appropriate biological matrix for molecular bioimprinting.  In this work the use of 
bioimprintig techniques to improve the catalytic activity and stereoselectivity of the antibody Ab 
38C2 in organic solvents were investigated. 
O O
H
N
OO
HO
5.1  
Figure 5.1.  Hapten used to elicit catalytic antibody 38C2. 
 
5.2 Specific goals 
The specific goals for this project were: 
• Synthesis of enanatiopure aldol reaction products to be used as ligands for molecular 
bioimprinting of antibody Ab 38C2. 
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• Analysis of a control aldol reaction catalyzed by antibody Ab 38C2 under aqueous 
conditions. 
• Evaluation of catalytic activity of Ab 38C2 for the control aldol reaction in organic 
solvents. 
• Bioimprinting of antibody Ab 38C2 using the lyophilization technique 
• Evaluation of catalytic activity of bioimprinted antibody Ab 38C2 in organic solvents. 
 
5.3 Selection of Enantiopure Ligands  
The stereochemical outcome of several aldol reactions using catalytic antibody Ab 
38C25.6 under aqueous conditions has been characterized and is shown in figure 5.2.  For the 
purpose of this study compound 5.2 and 5.6 were selected.  In order to avoid solubility problems 
in organic solvents due to the presence of the amide functionality in 5.6, the equivalent 5.7 was 
proposed.  For this study, compound 5.2 will allow to evaluate if the catalytic activity of Ab 
38C2 is preserved in organic solvents, while compound 5.7 will allow to evaluate if 
bioimprinting of Ab 38C2 improves the performance of this catalyst in organic solvents. 
OOH
OOH
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H
O
N
H
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OOH
N
H
O
OOH
N
H
O
OOH
OH
99% ee
98% ee
58% ee
20% ee
   77% ee
(de > 99%)
5.2 5.3 5.4
5.5 5.6
 
Figure 5.2.  Stereochemical purity of some products obtained for aldol reactions catalyzed by 
antibody Ab 38C2. 
 
OOH
5.7
OOH
5.2  
Figure 5.3.  Compounds selected as ligands for bioimprinting of antibody Ab 38C2. 
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5.4 Synthesis of Enantiopure Ligands for Bioimprinting Techniques 
Synthesis of (R)- and (S)-4-Hydroxy-4-phenyl-butan-2-one.   In order to induce the 
ligand “memory” in the catalytic antibody Ab 38C2 by molecular bioimprinting; enantiopure 
ligands that correspond to the product of the aldol condensation between benzaldehyde and 
acetone were synthesized.  Synthesis of the title compound was performed in a synthetic route of 
four steps as shown in scheme 5.4.  To prepare this compound it was necessary to generate an 
“umpolung” reagent where the normally electrophilic carbon of an aldehyde is made to behave 
as a nucleophile.  Following a protocol reported by Seebach,5.7 acetaldehyde was treated with 
1,3-propanedithiol to generate the 2-methyl-1,3-dithiane 5.9 in moderated yield (59 %).  The 
known carbanion5.7a, 5.8  5.10 was generated by proton abstraction with butyl lithium and then 
reacted by nucleophilic displacement with S-styrene epoxide to give the expected alcohol 5.12 in 
moderated yield (53 %). Removal of the thioacetal moiety to regenerate the carbonyl group has 
been reported to occur via oxidative hydrolysis of the 1,3-dithiane derivative.  Oxidant systems 
used for this purpose include the use of NBS,5.7b HgCl2/HgO,5.7b DDQ,5.9 CH3I/MeCN,5.10 and 
CuO/CuCl.5.11   Methodologies involving the use of NBS and CuO/CuCl were used to hydrolize 
the thioacetal moiety.  Under optimal conditions, oxidative hydrolysis of 5.12 using CuO/CuCl 
gave the β-hydroxy ketone 5.13 in a better yield (44 %) as compared to the oxidation with NBS 
that gave a poor yield (13%).  The opposite enantiomer (S)-4-Hydroxy-4-phenyl-butan-2-one 
(5.2) was synthesized following the same synthetic route as described above but using R-styrene 
epoxide for the nucleophilic substitution reaction.   
 
5.5 Catalytic Activity of Antibody Ab 38C in Aqueous Media 
Control Experiments.  Aldol condensation between benzaldehyde and acetone catalyzed 
by antibody Ab 38C2 has been reported by Lerner5.6c to produce (S)-4-hydroxy-4-phenyl-butan 
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Scheme 5.4.  Synthesis of (R)- and (S)-4-Hydroxy-4-phenyl-butan-2-one a 
S S
Me
S S
Me
LiH
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H
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d)
5.8 5.9 5.10
5.115.2
c)
OH
S
S
5.12
OH O
5.13
e)
e)
59%
53% 44%
44%
53%
(99 % ee)(99 % ee)  
aReaction conditions: (a) 1,3-propanedithiol/DCM/ -20°C/1h.  (b) BuLi, THF/N2, -30°C/1h.   (c) 
S-styrene epoxide/THF/N2, 0 °C/7d.  (d) R-styrene epoxide/THF/N2, 0 °C/7d.  (e) CuO/CuCl2, 
acetone, reflux/1h. 
 
-2-one 5.2 with a 99% ee.  This reaction was taken as the control reaction under aqueous 
conditions for the purposes of this study, and was performed on analytical scale.  The aldol 
condensation reaction using Ab 38C as the catalyst is shown in scheme 5.5. 
 
Scheme 5.5.  Aldol Reaction in Aqueous Conditions 
O
H
O OOH
Ab 38C2
PBS pH= 7.4
rt/18 h5.14 5.15 5.2  
 
The reaction was monitored by HPLC using a reverse phase column; experiments were 
performed isocratically at room temperature, (flow rate 1 mL/min, mobile phase 
acetonitrile/water 30/70, λ= 254 nm).  Chromatograms showed the presence of compound 5.2 
(retention time 7.46 min) as well as residual benzaldehyde (5.14) that did not react (retention 
time 16.06 min).  A 99% ee for the reaction product 5.2 was determined in the reaction mixture 
by HPLC using a Chiralpak AD (Daicel) chiral column.  These results are in agreement with the 
data published by Lerner. 
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5.6 Catalytic Activity of Antibody Ab 38C2 in Low Water Content Media 
 Aldol condensation reactions catalyzed by antibody Ab 38C2 are generally performed in 
aqueous media; showing good specificity and selectivity for a wide variety of substrates.  In 
order to evaluate if the catalytic activity that antibody Ab 38C2 exhibits in aqueous media is 
preserved in a low water content media a study was conducted.  For this study, antibody Ab 
38C2 was suspended in pH = 7.4 PBS solution, lyophilized, washed with hexanes, dried under 
vacuum, and then suspended in hexanes containing 4% v/v pH = 7.4 PBS. The reaction (scheme 
6.3) was initiated by the addition of benzaldehyde and acetone.  After 18h the reaction mixture 
was analyzed by HPLC as described in 5.5.  Chromatographic evaluation of the reaction mixture 
did not show the presence of compound 5.2, only the starting materials were identified.  
 
Scheme 5.6.  Aldol Reaction in Organic Solvent Catalyzed by Lyophilized Ab 38C2 
O
H
O OOHlyophilized
Ab 38C2
hexanes
 4%PBS pH= 7.4
rt/18 h
5.14 5.15 5.2
 
 
Because substrate selectivity and reactivity in catalysis are known to be influenced by the 
reaction media, the lack of catalytic activity in the lyophilized antibody may be the result of the 
following factors: (1)  The antibody catalytic site was destroyed as a result of an induced partial 
denaturation during the lyophilization process; (2)  The water content in the reaction mixture is 
not appropriate for this reaction to occur.  Previous studies have shown that some water is 
absolutely needed to maintain the catalytic activity of enzymes and antibodies in organic 
solvents, since this has a strong influence in the reaction kinetics by specific interactions with the 
biocatalyst.5.12, 5.13  For example, in his studies Janda5.12 found that  a water concentration of 
approximately 15%, was required to obtain optimal rates for an enantioselective acyl transfer 
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reaction catalyzed by antibody PCP 21H3;  (3)  Hexanes is not an appropriate solvent for this 
reaction.  The nature of the organic solvent plays an important role on the reaction kinetics and 
stability of the biocatalyst.  It has been reported that the catalytic efficiency of enzymes 
diminishes as the polarity of the solvent increases.  As a quantitative measurement of the solvent 
polarity, the parameter P (the partition coefficient of the solvent between octanol and water, table 
6.15.14 ) was introduced.  Biocatalysts exhibit low catalytic activity in hydrophilic solvents 
having a log P < 2, moderated activity in solvents having log P between 2 and 4, and high 
activity in hydrophobic solvents having a log P > 4.0.  Although moderated activities for 
biocatalysts are expected when hexanes is used as the solvent (log P = 3.5), the lack of catalytic 
activity observed in the system evaluated may be the result of the overall conditions in which the 
experiment was performed. 
 
Table 6.1.  Log P of some commonly used solvents for enzymatic catalysis. 
Solvent log P 
DMF -1.0 
Acetone -0.23 
Ethyl acetate 0.68 
Butyl acetate 1.7 
Chloroform 2.0 
Toluene 2.5 
Cyclohexane 3.2 
Hexane 3.5 
Heptane 4.0 
Octane 4.5 
Dodecane 6.6 
 
5.7 Catalytic Activity of Molecularly Bioimprinted Antibody Ab 38C2 in Low Water 
Content Media 
 
 Molecular bioimprinting is a methodology that has been used to enhance the catalytic 
activity of enzymes in non-aqueous or low water content media.  Since no catalytic activity for 
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antibody Ab 38C2 was observed in hexanes, it was expected that imprinting the aldol 
condensation product would improve its performance in a low water content media.  For this 
purpose antibody Ab 38C2 was imprinted with ligand 5.2 in different mol ratios (table 1) using 
the lyophilization technique.  Considering that hydrophilic solvents may denature proteins by 
penetrating into the hydrophobic core of proteins, or by stripping off the essential water from the 
protein;5.15 ligand 5.2 was removed from the imprinted antibody by repeated washings with 
hexanes, followed by drying under vacuum 
Recovery of the ligand for each formulation was determined by HPLC in the hexanes 
extract using a reverse phase column and methyl 4-hydroxybenzoate as the internal standard.  As 
shown in table 6.2, the ligand was not removed from the antibody by washing with hexanes 
(entries 1 and 2, table 6.2) and a very poor recovery of it was obtained for entries 3 and 4, table 
6.2. 
Table 6.2. Molecular Bioimprinting of Ab 38C2 
Entry Ratio 
AB/ligand 
% of ligand 
extracted 
Yield (aldol 
reaction) 
% 
1 1/3 0 0 
2 1/5 0 0 
3 1/10 11 0 
4 1/20 12 0 
 
 
The aldol reaction (scheme 5.7) with the bioimprinted antibody was carried out in 
hexanes containing 4% v/v pH = 7.4 PBS.   
 
Scheme 5.7  Aldol Reaction in Organic Solvent Catalyzed by Bioimprinted Ab 38C2 
O
H
O OOHbioimprinted
    Ab 38C2
hexanes
4% PBS pH = 7.4
rt/72 h5.14 5.15 5.2  
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Under the experimental conditions used, no catalytic effect was observed for any of the 
bioimprinted formulations.  All factors discussed in 5.6 for the lack of activity in the non 
imprinted antibody may apply for the bioimprinted formulations, in addition to the fact that 
binding sites may be blocked because the ligand was not removed after the imprinting process.  
 
5.8 Conclusions 
A synthetic route involving an “umpolung equivalent” from acetaldehyde was used to 
prepare enantiomerically pure (S)- and (R)- 4-hydroxy-4-phenyl-butan-2-one in moderated 
yields.  The (S)- enantiomer that corresponds to the aldol condensation product from the reaction 
between benzaldehyde and acetone was used as ligand for bioimprinting of antibody Ab 38C2, a 
catalytic antibody that catalyzes the aldol condensation reaction.  Under the experimental 
conditions tested, the catalytic activity that this antibody shows in aqueous conditions for the 
aldol reaction between benzaldehyde and acetone was not preserved in a low water content non-
polar solvent.  No improvement in the performance of Ab 38C2 in hexanes was observed by 
molecular bioimprinting of the expected aldol condensation product using the lyophilization 
technique.  This behavior may be attributed to the low recovery of the imprinted ligand after 
imprinting, the water concentration, and the nature of the solvent used. 
 
5.9 Future work  
• Optimization of ligand removal after the bioimprinting process.   The use of a 
more polar solvent may help to increase the recovery of the ligand from the 
biological matrix.  Solvent mixtures including Hexanes/MeOH, Hexanes/EtOH or 
Hexanes/IsoPrOH are suggested for this purpose.   
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• Since catalytic activity was inhibited in hexanes, solvents with different log P 
need to be tested, e.g. dodecane, ocatane, toluene, chloroform, ethyl acetate, 
acetone, dioxane, and DMF.  
• Optimization of water content in the solvent showing the best catalytic activity. 
• Use of other bioimprinting techniques like precipitation or crosslinking with 
glutaraldehyde. 
• Bioimprinting of substrates (5.7) for which antibody Ab 38C2 shows poor 
selectivity. 
 
5.10 Experimental 
Materials. Unless otherwise indicated, chemicals were purchased from commercial 
suppliers and used without further purification.  Solvents were obtained from commercial 
suppliers and used as is.  THF was dried by refluxing over K; followed by distillation.  Reactions 
under anhydrous conditions were performed in dry glassware under N2 atmosphere.  Reactions 
were monitored by thin-layer chromatography using 0.25 mm Macherey Nagel Silicagel Glass 
Plates (60F-254).  The fractions were visualized by UV light or iodine.  Column chromatography 
was carried out with flash silicagel, 32-63 µm from Science Adsorbents Inc.  All reported yields 
were determined after purification. 
Measurements.  1H NMR and 13C NMR were measured in CDCl3 unless otherwise 
indicated on a Bruker DPX-250 Spectrometer.  Chemical shifts (δ) are given in ppm relative to 
CDCl3 (7.24 ppm, 1H; 77.00 ppm, 13C) unless otherwise indicated.  IR spectra were obtained as 
neat samples on a Nicolet AVATAR 320 FT-IR unless otherwise indicated.  Low-resolution 
mass spectra (LRMS) were obtained on a Finnigan MAT900 double sector instrument, under fast 
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atom bombardent (FAB, liquid sims) ionization.  HPLC analyses were performed isocratically at 
room temperature (21°C) using a Hitachi L-7100 pump with a Hitachi L-7400 detector.   
2-Methyl-1,3-dithiane (5.9). To a solution of acetaldehyde (0.441g, 10 mmol) in DCM 
(25 mL) at room temperature was added 1,3-propanedithiol (1.202g, 10 mmol). The solution was 
cooled at -20ºC and stirred for 1h. After this period, zinc chloride (0.683g, 5 mmol) was added. 
The reaction mixture was allowed to warm to room temperature and stirred 12 h. Then the 
reaction mixture was washed with water (3 x 20 mL), 10% KOH (3 x 15 mL), water (3 x 20 
mL), dried over K2CO3, filtered out, and the solvent evaporated under vacuum. The product was 
purified by distillation under vacuum in a 59% yield.  1H NMR (CDCl3, 250 MHz): δ/ppm  4.02-
4.10 (1H, q, J = 7.11 Hz), 2.69-2.90 (4H, m), 1.99-2.09 (1H, m), 1.66-1.82 (1H, m), 1.38 (3H, d, 
J = 6.95 Hz).  13C NMR (CDCl3, 62.5MHz) δ/ppm 42.45, 31.07, 25.64, 21.26.  FT-IR (cm-1): 
2964.86, 2895.56, 1456.55, 1421.27, 1370.55, 1274.63, 1191.07, 1057.03, 906.80, 719.55, 
675.06. 
(R)-2-(2-Methyl-[1,3]dithian-2-yl)-1-phenyl-ethanol (5.12). To a solution of compound 
5.9, (0.402g, 3 mmol) in dry THF (9 mL) at -30 ºC under N2  2.5 M n-butyl lithium (1.3 mL, 3.3 
mmol) was added dropwise. After 2 h at –30 ºC, S-styrene oxide, (0.360g, 3 mmol) was added. 
Under a positive N2 gas pressure the reaction vessel was stored for 7 days in the freezer at –0 ºC. 
Then the mixture was poured into 3 volumes of water, which was washed with DCM (3 x 20 
mL).  The organic phase was washed with H2O (2 x 20 mL), 7% KOH (1 x 20 mL), H2O (1 x 20 
mL), dried over K2CO3 and the solvent evaporated under vacuum. The title compound was 
isolated in 53% yield by flash chromatography on silica gel with EtOAc/hexanes 20/80.  1H 
NMR (CDCl3, 250 MHz): δ/ppm 7.23-7.40 (5H, m), 5.0-5.05 (1H, dd, J = 9.48, 2.05 Hz), 3.67 
(1H, s), 2.53-3.08 (6H, m), 1.72 (3H, s).  13C NMR (CDCl3, 62.5MHz) δ/ppm 141.03, 128.91, 
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127.81, 126.10, 71.97, 50.12, 48.27, 28.91, 27.20, 26.96, 25.04.  FT-IR (cm-1): 3427.28, 3027.00, 
2904.55, 1492.73, 1449.76, 1422.03, 1276.30, 1194.80, 1068.78, 907.40, 758.68, 700.86.  LRMS 
(FAB)  (M + H+) calcd.254.08, found 254.0 
(S)-2-(2-Methyl-[1,3]dithian-2-yl)-1-phenyl-ethanol (5). This compound was 
synthesized using the same procedure as described for compound (4) using as R-styrene oxide.  
1H NMR (CDCl3, 250 MHz): δ/ppm 7.22-7.37 (5H, m), 4.99-5.03 (1H, dd, J = 9.43, 2.04 Hz), 
3.63 (1H, s), 2.78-3.02 (6H, m), 1.70 (3H, s).  13C NMR (CDCl3, 62.5MHz) δ/ppm 
145.89,129.81, 128.71, 127.01, 72.87, 51.05, 49.11, 29.82, 28.12, 27.86, 25.94.  FT-IR (cm-1): 
3427.28, 3027.00, 2904.55, 1492.73, 1449.76, 1422.03, 1276.30, 1194.80, 1068.78, 907.40, 
758.68, 700.86.  LRMS (FAB)  (M + H+) calcd.254.08, found 254.0. 
(R)-4-Hydroxy-4-phenyl-butan-2-one (5.13).  Method A: A solution of hydroxy 
dithiane 5.12, (0.209g, 0.822 mmol) in acetonitrile was added dropwise to a solution of NBS 
(0.877g, 4.929 mmol) in acetonitrile/H2O 80/20 at -5ºC. The reaction mixture was stirred 10 
min., and then shaked with a mixture of saturated Na2SO3 and hexanes/DCM 1/1. The organic 
phase was washed with 1 M NaHCO3 (1 x 15 mL), H2O (1 x 20 mL), brine (1 x 20 mL), dried 
over MgSO4, and the solvent evaporated under vacuum. The compound was isolated in 13% 
yield by flash chromatography on silica gel with EtOAc/hexanes 50/50.  1H NMR (CDCl3, 250 
MHz): δ/ppm 7.25-7.36 (5H, m), 5.12-5.17 (1H, q, J = 8.53, 3.95 Hz ), 3.27 (1H, s), 2.75-2.94 
(2H, m), 2.19 (3H, s).  13C NMR (CDCl3, 62.5MHz) δ/ppm 209.54, 143.17, 128.97, 128.08, 
126.04, 70.26, 52.41, 31.20.  FT-IR (cm-1): 3410.16, 3063.01, 2923.90, 1706.72, 1360.79, 
1163.01, 1061.44, 757.27, 700.88.  GCMS M+ calcd. 164.08, found 164.0  
(R)-4-Hydroxy-4-phenyl-butan-2-one (5.13). Method B: A three necked flask was 
charged with CuO (0.088g, 1.108 mmol), CuCl2 (0.298g, 2.217 mmol) and 10 mL of acetone. 
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The resulting suspension was brought to reflux with vigorous stirring and then a solution of 
dithiane 5.12, (0.238g, 0.938 mmol) in 1 mL of acetone and 0.2 mL of DMF was added dropwise 
in a period of 5 min. Reflux temperature was mantained for 2 h; then the reaction mixture was 
cooled and filtered. The insoluble material was washed with a hot mixture of EtOH/DCM 10/90 
(3 x 10mL). The organic phase was washed with 2N Na2CO3 (3 x 50 mL) dried over MgSO4, and 
the solvent evaporated under vacuum. The compound was isolated by flash chromatography on 
silica gel with EtOAc/hexanes 50/50 in 44% yield, ee > 99%.   Enantiomeric excess was 
determined by HPLC using a chiral column Chiralpak AD (Daicel) 250 x 4.6 mm, isocratically 
at room temperature, flow rate 1 mL/min, mobile phase isopropanol/hexanes 5/95, and λ = 254 
nm.  1H NMR (CDCl3, 250 MHz): δ/ppm 7.25-7.36 (5H, m), 5.12-5.17 (1H, q, J = 8.53, 3.95 
Hz), 3.27 (1H, s), 2.75-2.94 (2H, m), 2.19 (3H, s).  13C NMR (CDCl3, 62.5MHz) δ/ppm 209.54, 
143.17, 128.97, 128.08, 126.04, 70.26, 52.41, 31.20.  FT-IR (cm-1): 3410.16, 3063.01, 2923.90, 
1706.72, 1360.79, 1163.01, 1061.44, 757.27, 700.88.  GCMS M+ calcd. 164.08, found 164.0 
(S)-4-Hydroxy-4-phenyl-butan-2-one (5.2).  This compound was synthesized using the 
same procedure as described for compound 5.13 using the method B in a 43% yield, ee > 99%.   
1H NMR (CDCl3, 250 MHz): δ/ppm 7.20-7.32 (5H, m), 5.09-5.14 (1H, q, J = 8.57, 3.86 Hz), 
2.91 (1H, s), 2.72-2.91 (2H, m), 2.16 (3H, s).  13C NMR (CDCl3, 62.5MHz) δ/ppm 209.49, 
144.75, 129.85, 128.99, 126.95, 71.18, 53.29, 32.07.  FT-IR (cm-1): 3410.16, 3063.01, 2923.90, 
1706.72, 1360.79, 1163.01, 1061.44, 757.27, 700.88.  GCMS M+ calcd. 164.08, found 164.0. 
Aldol Condensation Catalyzed by Ab 38C2.  The reaction was run under N2, and a N2 
stream was passed through the reagents to remove O2.  In a Eppendorf tube (1.5 mL); to a 6.25 
mM solution of benzaldehyde in 160 µL of phosphate buffer saline pH=7.4 (PBS) were added 10 
µL of acetone and 30 µL of a 135 µM solution of the antibody Ab 38C2 in PBS.  The final 
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concentrations were 5 mM of benzaldehyde, and 20 µM of antibody in a total volume of 200 µL 
of PBS containing 5% (v/v) of acetone.  After 18 h at rt and on standing, 12 mL of DCM were 
added, the organic phase was dried with MgSO4, and evaporated.  The residue was redissolved in 
1 mL of isopropanol.  Product formation was monitored by HPLC, using an Alltech column, C18, 
300 Å, 10 mm; 250 x 4.6 mm, isocratically at rt, mobile phase acetonitrile/water 30/70 flow rate 
1mL/min, λ= 254 nm.  The ee was determined by normal phase HPLC using a chiral column 
Chiralpak AD (Daicel) 250 x 4.6 mm, isocratically, at rt, flow rate 1mL/min, mobile phase 
isopropanol/hexanes 5/95, λ= 254 nm.  
Preparation of Solutions.  Ab 38C2 Solution.  10 mg of Ab 38C2 were suspended in 
1.0 mL of ultrapure water under N2 atm.  Ligand Solution:  Stock solution. 50 mg of ligand 5.2 
were dissolved in acetonitrile, the solution was transferred to a 10 mL volumetric flask and 
diluted to the mark with acetonitrile to give a final concentration of 0.0305 µmol/µL.  Diluted 
solution. 2.0 mL of the stock solution were transferred to a 10 mL volumetric flask and diluted 
to the mark with acetonitrile to give a final concentration 0.006 µmol/µL.  Buffer solution 
(PBS). A buffer solution 10 mM Phosphates, 150 mM NaCl, pH = 7.4 was filtered out through a 
0.45 µm filter. Oxygen was removed by bubbling N2/10 min into the solution.  Co-solvent. 
acetonitrile was bubbled with N2/10 min to remove O2. 
Bioimprinting by Lyophilization. Typical Procedure for a Ratio Ab/Ligand 1/3.  
Under N2 in a 1.5 mL Ependorf tube was added the buffer solution (480 µL), the Ab 38C2 
solution (90 µL), the ligand 7 solution (3 µL), and the co-solvent (30 µL).  Tubes were capped 
and incubated by 30 min at rt using a Vortex-Genie.  After this period the solution was frozen on 
a dry ice/acetone bath and then lyophilized for 2 days.  
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Removal of Ligand.  After lyophilization, the solid residue was suspended in 1 mL of 
hexanes and shaked for 30 min using a Vortex-Genie.  After shaking, the suspension was 
centrifuged and the liquid decanted using a Pasteur pipette.  Washing with hexanes was repeated 
3 times more, and the washings were collected in a 20 mL vial.  The solvent was evaporated 
under vacuum and the residue recovered with 1 mL of acetonitrile.  The solid residue was dried 
under vacuum/3h.  To quantify the amount of ligand extracted, 50 µL of methyl 4-
hydroxybenzoate 0.085 mM as the internal standard were added to the residue in acetontrile. 
Ligand 5.2 was quantified by HPLC using a Econosil C18 (Alltech) column, 10 µm, 4.6 x 250 
mm, with H2O/acetonitrile 70/30 as the mobile phase, at 1 mL/min and a wavelength detection at 
254 nm. 
Aldol Reaction with Bioimprinted Ab 38C2.  Under N2 in a 1.5 mL Ependorf tube 
containing the dried imprinted Ab38C2 were added 480 µL of a 6.25 mM solution of 
benzaldehyde in anh. hexanes, 66 µL of anh. hexanes, 30 µL of acetone, and 24 µL of PBS to 
give a total of 600 µL.  The reaction mixture was sonicated 10 sec and stirred in the Vortex-
Genie.  Aliquots of 10 µL were taken at different intervals of time, diluted to 200 µL with 
acetonitrile and 10 µL of methyl 4-hydroxybenzoate (Internal Std.) were added to quantify the 
amount of the aldol product formed.  
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APPENDIX A:  1H NMR AND 13C NMR SPECTRA FOR SELECTED 
COMPOUNDS FROM CHAPTER 1 
 
Figure A.1.  1H NMR of Compound 1.14 
 
 
Figure A.2.  13C NMR of Compound 1.14 
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Figure A.3.  1H NMR of Compound 1.22 
 
Figure A.4.  13C NMR of Compound 1.22 
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Figure A.5.  1H NMR of Compound 1.23 
 
 
Figure A.6.  13C NMR of Compound 1.23 
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Figure A.7.  1H NMR of Compound 1.23 
 
 
Figure A.8.  13C NMR of Compound 1.23 
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Figure A.9.  1H NMR of Compound 1.17 
 
 
Figure A.10.  13C NMR of Compound 1.17 
 
 
 165
 
Figure A.11. 1H NMR of Compound 1.33 
 
 
Figure A.12.  13C NMR of Compound 1.33 
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Figure A.13.  1H NMR of Compound 1.34 
 
 
Figure A.14.  13C NMR of Compound 1.34 
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Figure A.15.  1H NMR of Compound 1.35 
 
 
Figure A.16.  13C NMR of Compound 1.35 
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Figure A.17.  1H NMR of Compound 1.16 
 
 
Figure A.18.  13C NMR of Compound 1.16 
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Figure A.19.  1H NMR of Compound 1.37 
 
 
 
Figure A.20.  13C NMR of Compound 1.37 
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Figure A.21.  1H NMR of Compound 1.18 
 
 
Figure A.22.  13C NMR of Compound 1.18 
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Figure A.23.  1H NMR of Compound 1.39 
 
Figure A.24.  13C NMR of Compound 1.39 
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Figure A.25.  1H NMR of Compound 1.15 
 
 
Figure A.26.  13C NMR of Compound 1.15 
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APPENDIX B: 1H NMR AND13C NMR SPECTRA FOR SELECTED 
COMPOUNDS FROM CHAPTER 2 
 
Figure B.1. 1H NMR Compound 2.12 
 
 
Figure B.2.  13C NMR of Compound 2.12 
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Figure B.3. 1H NMR Compound 2.1 
 
 
 
 
 
 
Figure B.4.  13C NMR of Compound 2.1 
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Figure B.5. 1H NMR Compound 2.14 
 
 
Figure B.6.  13C NMR of Compound 2.14 
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Figure B.7. 1H NMR Compound 2.15 
 
Figure B.8.  13C NMR of Compound 2.15 
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Figure B.9. 1H NMR Compound 2.17 
 
 
 
Figure B.10.  13C NMR of Compound 2.17 
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Figure B.11. 1H NMR Compound 2.2 
 
Figure B.12.  13C NMR of Compound 2.2 
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Figure B.13. 1H NMR Compound 2.19 
 
 
Figure B.14.  13C NMR of Compound 2.19 
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Figure B.15. 1H NMR Compound 2.20 
 
 
 
Figure B.16.  13C NMR of Compound 2.20 
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Figure B.17.  1HNMR of Compound 2.21 
 
 
 
Figure B.18.  13C NMR of Compound 2.21 
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Figure B.19.  1HNMR of Compound 2.22 
 
 
Figure B.20.  13C NMR of Compound 2.22 
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Figure B.21.  1HNMR of Compound 2.3 
 
 
 
Figure B.22.  13C NMR of Compound 2.3 
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Figure B.23.  1HNMR of Compound 2.24 
 
 
 
 
Figure B.24.  13C NMR of Compound 2.24 
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Figure B.25.  1HNMR of Compound 2.28 
 
 
 
 
Figure B.26.  13C NMR of Compound 2.28 
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Figure B.27.  1HNMR of Compound 2.4 
 
 
Figure B.28.  13C NMR of Compound 2.4 
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Figure B.29.  1HNMR of Compound 2.6 
 
 
 
Figure B.30.  13C NMR of Compound 2.6 
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Figure B.31.  1HNMR of Compound 2.7 
 
 
Figure B.32.  13C NMR of Compound 2.7 
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Figure B.33.  1H NMR of Compound 2.8 
 
Figure B.34.  13C NMR of Compound 2.8 
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Figure B.35.  1H NMR of Compound 2.40 
 
Figure B.36.  13C NMR of Compound 2.40 
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Figure B.37.  1H NMR of Compound 2.9 
 
 
 
Figure B.38.  13C NMR of Compound 2.9 
 192
APPENDIX C: 1H NMR TITRATION DATA 
 
1H NMR titration.  Stock solutions of the crosslinker monomer NOBE (1.4, 2.0, and 2.5 
M) were prepared in dry CD3CN containing TMS (1%).  Stock solutions of template (0.007 M, 
0.01 M, or 0.1 M) were prepared in CD3CN containing TMS (1%).  Template concentration was 
kept constant and the monomer concentration was varied.  The chemical shifts of the protons on 
each template were followed and the association constant was calculated either by the Benesi-
Hildebrand equation or by non-linear regression using the equation (1).  OriginPro 7 was used 
for curve fitting.  Relevant data for each template is given in Tables 1-11.  
 
   ∆δobs =  ∆δ11[L]t/(1 + K[L]t)  (1) 
 
Table C.1.  NMR titration of DLP with NOBE in CD3CN 
 
[T] 
(M) 
[NOBE] 
(M) δ1 ∆δ1 δ2 ∆δ2 δ3 ∆δ3 
1 0.007 0 8.13734 0 6.17942 0 2.78034 0 
2 0.007 0.05 8.14113 0.00379 6.19971 0.02029 2.78534 0.005 
3 0.007 0.1 8.14456 0.00722 6.22002 0.0406 2.79004 0.0097 
4 0.007 0.2 8.14872 0.01138 6.25228 0.07286 2.79629 0.01595 
5 0.007 0.3 8.15396 0.01662 6.28649 0.10707 2.8025 0.02216 
6 0.007 0.4 8.15805 0.02071 6.31768 0.13826 2.80784 0.0275 
7 0.007 0.5 8.16019 0.02285 6.33764 0.15822 2.81035 0.03001 
8 0.007 0.625 8.16182 0.02448 6.3477 0.16828 2.81048 0.03014 
    Kassoc= 1.68  Kassoc = 1.11  Kassoc = 2.24
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Table C.2.  NMR titration of Boc-L-tyrosine with NOBE in CD3CN 
 
[T] 
(M) 
[NOBE] 
(M) δ1 ∆δ1 δ3 ∆δ3 
1 0.01  6.71106 0 3.00766 0 
2 0.01 0.025 6.7117 0.00064 3.00859 0.00093 
3 0.01 0.05 6.71177 0.00071 3.00857 0.00091 
4 0.01 0.1 6.71245 0.00139 3.00981 0.00215 
5 0.01 0.2 6.714 0.00294 3.01123 0.00357 
6 0.01 0.25 6.71408 0.00302 3.01187 0.00421 
7 0.01 0.35 6.71493 0.00387 3.01262 0.00496 
8 0.01 0.45 6.71666 0.0056 3.01439 0.00673 
9 0.01 0.5 6.71663 0.00557 3.01465 0.00699 
10 0.01 0.625 6.71708 0.00602 3.01523 0.00757 
    Kassoc= 2.6  Kassoc = 3.8 
 
 
Table C.3.  NMR titration of Z-L-serine with NOBE in CD3CN 
 
[T] 
(M) 
[NOBE] 
(M) δ ∆δ 
1 0.007  3.78483 0 
2 0.007 0.05 3.78771 0.00288 
3 0.007 0.1 3.79066 0.00583 
4 0.007 0.2 3.79483 0.01 
5 0.007 0.3 3.79993 0.0151 
6 0.007 0.4 3.80234 0.01751 
7 0.007 0.5 3.80545 0.02062 
8 0.007 0.625 3.80781 0.02298 
    Kassoc = 1.22
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Table C.4.  NMR titration of Z-L-tryptophan with NOBE in CD3CN  
 
[T] 
(M) 
[NOBE] 
(M) δ1 ∆δ1 δ2 ∆δ2 δ3 ∆δ3 δ4 ∆δ4 
1 0.01 0 9.1444 0 5.8351 0 3.26003 0 7.54159 0 
2 0.01 0.028 9.16316 0.0188 5.8433 0.00819 3.26069 0.00066 7.54213 0.00054 
3 0.01 0.056 9.17501 0.0306 5.8482 0.01314 3.2615 0.00147 7.54325 0.00166 
4 0.01 0.112 9.20149 0.0571 5.8628 0.02769 3.26343 0.0034 7.54407 0.00248 
5 0.01 0.14 9.20836 0.064 5.8709 0.03582 3.26416 0.00413 7.54394 0.00235 
6 0.01 0.196 9.22297 0.0786 5.8838 0.04869 3.26498 0.00495 7.54497 0.00338 
7 0.01 0.252 9.25028 0.1059 5.8955 0.06041 3.26673 0.0067 7.54514 0.00355 
8 0.01 0.28 9.25219 0.1078 5.8963 0.06119 3.26677 0.00674 7.54524 0.00365 
    Kassoc = 1.88 Kassoc = 0.87 Kassoc= 1.08  Kassoc = 5.50
 
 
 
 
Table C.5.  NMR titration of Z-L-phen with NOBE in CD3CN 
 
[T] 
(M) 
[NOBE]
(M) δ1 ∆δ1 δ2 ∆δ2 
1 0.007  4.41 0 2.9597 0 
2 0.007 0.05 4.4116 0.00157 2.9618 0.00209 
3 0.007 0.1 4.4135 0.00347 2.9646 0.00483 
4 0.007 0.2 4.415 0.00496 2.968 0.00828 
5 0.007 0.3 4.4167 0.00671 2.971 0.01123 
6 0.007 0.4 4.4193 0.0093 2.9747 0.015 
7 0.007 0.5 4.422 0.01201 2.9777 0.01791 
8 0.007 0.625 4.4221 0.01204 2.9807 0.02091 
   Kassoc = 0.86 Kassoc = 0.60 
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Table C.6.  NMR titration of Hydrobenzoin with NOBE in CD3CN 
 [T] 
(M) 
[NOBE] 
(M) 
δ ∆δ 
1 0.01 0 3.76722 0 
2 0.01 0.028 3.78561 0.01839 
3 0.01 0.052 3.80266 0.03544 
4 0.01 0.096 3.83292 0.0657 
5 0.01 0.176 3.87584 0.10862 
6 0.01 0.326 3.941 0.17378 
    Kassoc = 0.45 
 
Table C.7.  NMR titration of Bi-naphthol with NOBE in CD3CN. 
 [T] 
(M) 
[NOBE] 
(M)] 
δ ∆δ 
1 0.01 0 6.58752 0 
2 0.01 0.028 6.62974 0.04222 
3 0.01 0.052 6.66795 0.08043 
4 0.01 0.096 6.72722 0.1397 
5 0.01 0.176 6.81863 0.23111 
6 0.01 0.326 6.95215 0.36463 
7 0.01 0.606 7.11543 0.52791 
    Kassoc = 1.44 
 
 
Table C.8.  NMR titration of diphenylethylendiamine with NOBE in CD3CN 
 [T] 
(M) 
[NOBE] 
(M) 
δ ∆δ 
1 0.007  3.9342 0 
2 0.007 0.05 3.9351 0.0009 
3 0.007 0.1 3.936 0.0018 
4 0.007 0.2 3.9369 0.0027 
5 0.007 0.3 3.9378 0.0036 
6 0.007 0.4 3.9397 0.0055 
7 0.007 0.5 3.9406 0.0064 
8 0.007 0.625 3.9414 0.0072 
    K assoc= 0.55 
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Table C.9.  NMR titration of S-nicotine with NOBE in CD3CN 
 [T] 
(M) 
[NOBE] 
(M) 
δ ∆δ 
1 0.007  3.08725 0 
2 0.007 0.05 3.08746 0.00021 
3 0.007 0.1 3.08788 0.00063 
4 0.007 0.2 3.08811 0.00086 
5 0.007 0.3 3.08982 0.00156 
6 0.007 0.4 3.08949 0.00224 
7 0.007 0.5 3.08899 0.00245 
8 0.007 0.625 3.09016 0.00291 
    Kassoc= 0.32 
 
Table C.10.  NMR titration of Naphthalen methanol NOBE in CD3CN 
 [T] 
(M) 
[NOBE] 
(M) 
δ ∆δ 
1 0.1 0 3.34603 0 
2 0.1 0.028 3.34944 0.00341 
3 0.1 0.056 3.36959 0.02356 
4 0.1 0.096 3.40095 0.05492 
5 0.1 0.606 3.62221 0.27618 
6 0.1 0.886 3.69077 0.34474 
    Kassoc= 0.60 
 
Table C.11.  NMR titration of naphthylethylamine with NOBE in CD3CN 
 [T] 
(M) 
[NOBE] 
(M) 
δ ∆δ 
1 0.1 0 1.71398 0 
2 0.1 0.028 1.75591 0.04193 
3 0.1 0.056 1.78015 0.06617 
4 0.1 0.096 1.80868 0.0947 
5 0.1 0.176 1.84 0.12602 
6 0.1 0.606 1.96608 0.2521 
7 0.1 0.886 2.0662 0.35222 
    Kassoc= 1.94 
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APPENDIX D:  1H NMR AND 13C NMR SPECTRA FOR SELECTED 
COMPOUNDS FROM CHAPTER 4 
 
Figure D.1.  1H NMR of Compound 4.16 
 
Figure D.2.  13C NMR of Compound 4.16 
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Figure D.3.  1H NMR of Compound 4.17 
 
Figure D.4.  13C NMR of Compound 4.17 
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Figure D.5.  1H NMR of Compound 4.18 
 
Figure D.6.  13C NMR of Compound 4.18 
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Figure D.7.  1H NMR of Compound 4.1 
 
 
 
Figure D.8.  13C NMR of Compound 4.1 
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Figure D.9.  1H NMR of Compound 4.3 
 
 
Figure D.10.  13C NMR of Compound 4.3 
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Figure D.11.  1H NMR of Compound 4.21 
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